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ABSTRACT!!!!
MICHAEL J. ARDOLINO: !!
Synthesis of Enantioenriched 1,5-Dienes and 1,5-Enynes by a Palladium-Catalyzed 
3,3′-Reductive Elimination: Methodology Development and Mechanistic Studies!!!
Under the direction of Professor James P. Morken!!!
! This dissertation details the development, application and study of new 
palladium-catalyzed carbon-carbon bond forming strategies that generate synthetically 
useful enantioenriched small molecules. Controlled by a bidentate phosphine ligand, 
these transformations are thought to operate through a unique 3,3′-reductive elimination 
that leads to high regio- and stereoselectivity. Specifically, Chapter 1 introduces 
background on prior work that led to the first allyl-allyl coupling to deliver branched 1,5-
dienes, and presents new computational studies on the origins of regioselectivity with 
mono- and bidentate ligands. Building on these studies, Chapter 2 describes the 
development of a diastereoselective allyl-allyl coupling of substituted allylboron reagents 
with allylic chloride electrophiles. To extend the scope of allyl-allyl coupling, Chapter 3 
details further reaction optimization and mechanistic studies that have allowed for 
increasingly congested bond formations. In Chapter 4, a related allyl-propargyl coupling 
to give enantioenriched 1,5-enynes through stereospecific reactions and kinetic 
resolution is presented. These developments are accompanied by laboratory and 
computational data that provide a deeper understanding of reaction mechanisms and the 
origins of regio- and stereoselectivity.!
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“Cross-coupling between allyl-, benzyl-, or propargylmetals and allyl, benzyl, or 
propargyl electrophiles is a potentially important synthetic operation. 1,5-Dienes, 
1,5-enynes, and other related compounds obtainable by this process represent 
many natural products and related biologically important compounds…!
!
From the viewpoint of the selective and satisfactory synthesis of stereo- and 
regiodefined 1,5-dienes, 1,5-enynes, and related compounds, Pd-catalyzed 
allyl-allyl, propargyl-allyl and related reactions must be judged to be generally 
unsatisfactory…” !1
!
Nobel Laureate Ei-Ichi Negishi, 2002!
 xii
 Negishi, E.-I.; Liao, B.; in Handbook of Organopalladium Chemistry for Organic Synthesis, E.-I. 1
Negishi; Ed. John Wiley & Sons, New York, 2002, pp 591-596.
Chapter 1!
!
The Palladium-Catalyzed Allyl-Allyl Coupling: Background, Development and 
Studies on the Mechanistic Origin of Selectivity!
!
I. Introduction!
!
! Stereochemistry is nearly ubiquitous in natural products and has become 
increasingly prevalent in many of today’s pharmaceutical compounds.  As a result, the 1
development and application of highly efficient and selective catalytic methodologies for 
the asymmetric construction of chiral molecules has had a great impact on many facets 
of chemistry including natural product synthesis, drug discovery, and the production of 
therapeutic drugs.  Among these methodologies, palladium-catalyzed substitutions of 2
allylic systems have greatly expanded the scope of possibilities for the stereoselective 
formation of carbon-carbon or carbon-heteroatom bonds (Scheme 1.1, eq 1).  In a 3
general sense, these reactions result in coupling between a prochiral allyl electrophile 
and an achiral nucleophile (type a), or a prochiral allylmetal reagent and an achiral 
electrophile (type b). Under palladium catalysis with a suitable ligand, the coupling is 
 1
 a) Chirality in Drug Research; Francotte, E.; Linder, W., Eds.; Methods and Principals in 1
Medicinal Chemistry, Vol. 33; Wiley-VCH: Weinheim, 2006. b) Sekhon, B. S. J. Mod. Med. Chem. 
2013, 1, 10-36. c) Farina, V.; Reeves, J. T.; Senanayake, C. H.; Song, J. J. Chem. Rev. 2006, 
106, 2734-2793.
 a) Andrushko, V.; Andrushko, N. In Stereoselective Synthesis of Drugs and Natural Products; 2
Andrushko, V.; Andrushko, N., Eds.; Wiley: Blackwell, 2013; pp 3-44. b) Trost, B. M. Proc. Nat. 
Acad. Sci. U.S.A. 2004, 101, 5348.
 a) Transition Metal Catalyzed Enantioselective Allylic Substitutions in Organic Synthesis; 3
Kazmaier, U., Ed.; Topics in Organometallic Chemistry, Vol. 38; Springer: Heidelberg, 2012. b) Lu, 
Z.; Ma, S. Angew. Chem. Int. Ed. 2008, 47, 258. c) Helmchen, G. J. Organometallic Chem. 1999, 
203.
able to deliver either the branched, chiral product selectively over the linear, achiral 
product. !
!
Scheme 1.1: Palladium-Catalyzed Allylic Substitutions!
!
  !
!
! The substitution patterns present in these branched products are prevalent in 
natural products, and consequently such couplings have seen significant development 
and use in synthesis.  Representative examples of couplings of type a and b are shown 4
in Scheme 1.2. In the first, Trost and co-workers performed a dynamic kinetic 
asymmetric transformation (DYKAT) of racemic vinyl aziridines such as 1.1 with 
bromopyrrole nucleophiles to deliver chiral, 1,2-diamine products such as 1.4 (eq 2).  5
Under control of palladium and ligand 1.3, this methodology gave moderate yield and 
high branched regioselectivity, and proved useful in the formal syntheses of a number of 
bromopyrrole alkaloids. As an example of couplings of type b, Yamamoto and Miyaura 
utilized a catalyst prepared from palladium acetate and Josiphos-type ligand 1.7 (eq 3).  6
XR [Pd], L*+
MR
R'-X
R'-M or "R'   "
+
R
R'
* R R'
branched linear
- or -
allymetal
nucleophile
allyl 
electrophile
[Pd], L*
type a
type b
(1)
 2
 Trost, B. M.; Crawley, M. L. Chem. Rev. 2003, 103, 2921.4
 Trost, B. M.; Osipov, M.; Dong, G. J. Am. Chem. Soc. 2010, 132, 15800.5
 Yamamoto, Y.; Takada, S.; Miyaura, N. Chem. Lett. 2006, 35, 1368.6
For the coupling of crotyl trifluoroborate 1.5 and aryl bromide 1.6, the reaction showed 
high yields and regioselectivity with moderate enantioselectivity. !7
!
Scheme 1.2: Representative Examples of Palladium-Catalyzed Allylic Substitution!
!
  !
!
! One related, but less developed substitution pattern arises from coupling when 
both the nucleophilic and electrophilic partners are allylic.  As seen in Scheme 1.3, this 8
coupling holds great opportunity if one or both of the allyl fragments are also substituted. 
With appropriate stereocontrol, this allyl-allyl coupling has the power to establish 1,5-
diene products containing one or two stereogenic sp3-hybridized carbon centers (I). 
Unfortunately, this coupling pattern also suffers from additional issues of regiocontrol. If 
Fe
Me
BF3K Br
Pd(OAc)2
(R,S)-1.7
K2CO3
4:1 H2O:THF
22 h Me
+
1.8
93% yield
93:7 regio.
82% eeMeO2C
N
Bn
+
H
N CO2Me
Pd2(dba)3⋅CHCl3
(R,R)-1.3
DCE, rt
1.4
76% yield
96% ee
(3)
(2)
N
H
Bn
NMeO2C
NH HN
OO
PPh2 Ph2P
(R,R)-1.3 (R,S)-1.7
P(t-Bu)2
Me
PCy2
CO2Me
1.1 1.2
1.5 1.6
Trost, 2010
Miyaura, 2006
 3
 Yamamoto, Y.; Takada, S.; Miyaura, N.; Iyama, T.; Tachikawa, H. Organometallics 2009, 28, 7
152.
 Negishi, E.-I., Liao, B.; in Handbook of Organopalladium Chemistry for Organic Synthesis, E.-I. 8
Negishi; Ed. John Wiley & Sons: New York; 2002, pp 591-596.
both of the allyl fragments are substituted there arise three additional regioisomers, the 
two mixed branched/linear isomers of type II or the all-linear III. Separation of such 
compounds could prove difficult, however, the development of such a coupling remains 
attractive despite these potential regiochemical problems. The 1,5-diene motif is 
common in terpene-derived natural products, and a general branched-selective allyl-allyl 
coupling could serve as an important synthetic tool to access these types of products. !9
!
Scheme 1.3: Regiochemical Outcomes in Allyl-Allyl Couplings!
!
  !
!
! Branched 1,5-dienes also represent the thermodynamically disfavored isomers of 
an asymmetric Cope rearrangement, which are of particular interest mechanistically and 
synthetically. Unlike the related catalytic asymmetric Claisen rearrangement,  10
development of such a transformation remains an unmet challenge in organic synthesis. 
Non-asymmetric Pd(II)-catalyzed Cope rearrangements, however, have been developed 
(Scheme 1.4). In 1980 Overman and Knoll reported that use of Pd(II)Cl2 for the 
rearrangement of acyclic diene 1.9 resulted in a 1010 rate enhancement over the 
uncatalyzed process (eq 5).  Although highly regioselective for 1.10, this process 11
XR [M], L*MR'/H+
R
* R
R'/H
R'/H
R'/H
R
R
R'/H
*
*
*
(4)
I
II
III
 4
 Breitmaier, E. Terpenes: Flavors, Fragrances, Pharmaca, Pheremones; Wiley-VCH: Weinheim, 9
2006.
 Ito, H.; Taguchi, T. Chem. Soc. Rev. 1999, 28, 43-50.10
 Overman, L. E.; Knoll, F. M. J. Am. Chem. Soc. 1980, 102, 865.11
resulted in formation of an achiral, linear diene from the branched isomer 1.9. While 
running this reaction in reverse would represent an appealing asymmetric process, it is 
unlikely that the inherent thermodynamic selectivity of this process could be overturned.!
!
Scheme 1.4: Pd(II)-Catalyzed Cope Rearrangements!
!
  !
!
! Overman and Jacobsen also demonstrated that the rearrangement occurs with 
stereospecificity by using an optically enriched starting material (Scheme 1.4, eq 6). 
Here, enantioenriched diene 1.12 underwent the Pd(II)-catalyzed Cope rearrangement 
with higher stereoselectivity than the corresponding thermal process (98 vs 92% cee), 
and also showed a slight improvement in the isomer ratio of 1.13:1.14 (2.3:1 vs 1:1).  12
The authors propose two transition states to account for the observed rate enhancement 
under Pd(II)-catalysis. The first involves reaction through bis(η3-allyl)Pd(IV)Cl2 
Me
Me
Ph Pd(II)Cl2(PhCN)2 (6%)
THF, rt, 24 h
Me
Ph +
1.9 1.10 1.11
Uncatalyzed 
(177 °C, 13 h)
50% conv. 
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intermediate 1.15, and the second through palladium-bound carbenium intermediate 
1.16. Based on the absence of any regioisomeric products derived from an η3-η1 
interconversion as could occur in 1.15, reaction via 1.16 was believed to be the 
operative mechanism. As a synthetic route to chiral 1,5-dienes, this method is of limited 
use; it requires the synthesis of optically enriched 1,5-dienes from chiral-pool molecules 
as starting materials. Additionally, these rearrangements require internal olefin 
substitution in order to stabilize the carbocation formed in intermediate 1.16, further 
limiting the substrate scope. As a whole, it appears that, although mechanistically 
fascinating, the development and use of the Cope rearrangement as a means to give 
chiral, branched 1,5-dienes could remain a difficult task.!
! Due to the many attractive features of enantioenriched 1,5-diene products and 
the mechanistic challenges associated with their synthesis, the development of an 
asymmetric palladium-catalyzed allyl-allyl coupling became an area of focus in the 
Morken Lab. The following sections outline the background and key developments that 
led to a successful solution to this longstanding problem, and detail advances in both 
reaction scope and mechanistic understanding that followed.!
!
II. Background!
!
A. Pd-Catalyzed Allyl-Allyl Couplings Operative via an Outer-Sphere Mechanism!
! Methods for non-asymmetric palladium-catalyzed allyl-allyl couplings have been 
known for some time, however, the previously discussed issues of regiocontrol have 
p lagued thei r development. In 1980, Trost and Keinan reported the 
tetrakis(triphenylphosphine)palladium-catalyzed coupling of cinnamyl acetate (1.17) with 
 6
allylic stannanes (Scheme 1.5).  When unsubstituted tetraallylstannane (1.18) was 13
employed, the reaction gave linear 1,5-diene 1.19 in good yield and high regioselectivity 
(eq. 7). Complete allyl inversion was observed when crotyl(tributyl)stannane (1.20) was 
used as the nucleophile, leading to formation of the mixed linear/branched product 1.21 
with high regioselectivity (eq 8). The reaction with the substituted stannane also showed 
substantially reduced yield; the major byproducts isolated were 1- and 3-phenyl butene, 
compounds thought to originate from reduction of the cinnamyl acetate starting material.!
!
Scheme 1.5: Trost’s Outer-Sphere Allyl-Allyl Coupling!
!
  !
!
! To explain the observed regiochemistry, the authors proposed the mechanism as 
shown in equation 9. Here, an outer-sphere SE2ʹ attack of the crotylstannane directly 
onto the unsubstituted carbon of intermediate cationic (η3-allyl) palladium complex 1.22 
will lead to reaction product 1.21. Although the authors do concede the possibility of 
transmetallation of the crotylstannane directly to the Pd(II) center followed by an inner-
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sphere reductive elimination as an alternate mechanism, they reason that this could lead 
to isomerization of the nucleophile-derived allyl unit to form the all-linear product, which 
was not observed.!
! Nearly simultaneously, Stille and Godschalx published a similar coupling of allylic 
stannanes and allyl bromides utilizing trans-benzyl(chloro)bis(triphenylphosphine)-
palladium(II) as the precatalyst (Scheme 1.6).  As in the Trost report, they saw high 14
selectivity for the linear product 1.24 when tetraallylstannane 1.18 was used with a 
substituted allyl bromide (1.23), however, a small amount of the branched isomer 1.25 
was also isolated (eq 10). When the coupling partners were switched, the regioselectivity 
was reversed to now favor the branched isomer 1.28, with only a small amount of linear 
1.29 detected (eq 11). The authors also propose an outer-sphere SE2ʹ mechanism (as in 
Scheme 1.5, eq 9) to explain the observed regiochemical outcomes. !
!
Scheme 1.6: Stille’s Outer-Sphere Allyl-Allyl Coupling!!
  !
!
! More recently, Kobayashi and co-workers have proposed an outer-sphere 
mechanism in the related nickel-catalyzed coupling of allylic alcohols with allylboron 
Pd(PPh3)2(BnCl)
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4 Me
Me
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+ (11)
1.251.24
1.291.28
1.23 1.18
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 8
 Godschalx, J.; Stille, J. K. Tetrahedron Lett. 1980, 21, 2599.14
reagents (Scheme 1.7).  Although palladium was also found to catalyze this reaction 15
when allylic carbonates were employed as the electrophile,  the use of 16
tetrakis(triphenylphosphine)-nickel(0) was found necessary to effect the transformation 
directly from the unactivated allylic alcohols. When substituted allylboron 1.31 was 
employed in the reaction with cinnamyl alcohol, the reaction delivered linear isomer 1.32 
in high (>50:1) regioselectivity (eq 12). Based on this outcome, the authors propose the 
mechanism in equation 13. Here, boron-assisted oxidative addition of the allylic alcohol 
as seen in 1.33 will form cationic (η3-allyl)palladium complex 1.34 and the activated 
boronate, which performs outer-sphere attack on the unsubstituted terminus of the allyl 
fragment.!
!
Scheme 1.7: Ni-Catalyzed Allyl-Allyl Coupling via an Outer-Sphere Pathway!
!
  !
!!!!
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B. An Inner-Sphere Mechanism in the Linear-Selective Pd-catalyzed Allyl-Allyl 
Coupling!
! In addition to the outer-sphere pathway discussed in the preceding section, 
inner-sphere mechanisms for related palladium-catalyzed couplings of allylic fragments 
have been proposed. Utilizing stoichiometric (allyl)palladium(II) complexes, this mode of 
reactivity was studied and independently reported by Hayashi and co-workers,  and by 17
Schwartz and Goliaszewski  in 1984 (Scheme 1.8). In the Hayashi example, pre-formed 18
enantioenriched (η3-allyl)Pd(II) complex 1.35  was subject to reaction with an allylic 19
Grignard reagent and triphenylphosphine to give 1.36 as the sole regioisomer (eq 14). 
The reaction proceeded with moderate stereoselectivity (81% es) for the product of 
formal retention of stereochemistry. Schwartz and Goliaszewski saw similar results when 
diastereomerically enriched complex 1.37  was reacted with a disubstituted crotyl 20
Grignard reagent and subsequently treated with maleic anhydride to promote reductive 
elimination (eq 15). As in the Hayashi example, the regioisomeric products 1.38 and 1.39 
showed retention of configuration. Although the authors provide no rationale for the 
observed regioselectivity, the moderate selectivity for 1.38 can likely be attributed to 
steric interactions between the catalyst and methoxy group during bond formation.!
!
!
!
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Scheme 1.8: Inner-Sphere Coupling with Stoichiometric bis(allyl)Pd(II) Complexes!
!
  !
!
! As outer-sphere attack of the allylmetal onto the (η3-allyl)Pd complex (as shown 
in Schemes 1.5 and 1.7) would be expected to give inversion of stereochemistry and the 
opposite regiochemistry,13,14,  both authors propose the inner-sphere mechanism as 21
shown in equation 16. Here, the attack of the allyl Grignard nucleophile occurs directly 
onto the cationic palladium center of 1.40, leading to bis(η3-allyl)Pd(II) intermediate 1.41. 
Addition of either maleic anhydride or triphenylphosphine as a ligand results in reductive 
elimination to give the linear product 1.42. It is also important to note that the addition of 
ligand was necessary; reactions performed without maleic anhydride or 
triphenylphosphine delivered none of the 1,5-diene product. In these cases, β-hydride 
PdCl/2
PdCl/2
Me Ph MgCl
(5 equiv)
PPh3 (2 equiv)
Et2O, rt, 24 h
1.36
57% ee
60% yield
70% ee
Me Ph
1.35
(14)
(15)
OMe
−30 °C - rt
1.37
MgBr
dioxane
−30 °C, 2 h
Me
Me
OO O
OMe
OMe
Me
Me
71% yield 29% yield
1.38 1.39
Me Me
+
Pd
R1 H
Cl
2
R2
MgX
Pd(II)
R2
R1
OO O
or PPh3
R2
R1
(16)
1.40 1.41 1.42
Hayashi, 1984
Schwartz, 1984
 11
 Temple, J. S.; Riediker, M.; Schwartz, J. J. Am. Chem. Soc. 1982, 104, 1310.21
elimination from one allyl unit of 1.41 followed by reductive elimination of the other 
resulted in a mixture of olefin byproducts.21!
!
Scheme 1.9: Inner-Sphere Couplings with Bidentate Phosphine Ligands!
!
  !
!
! In the preceding examples, neither author commented on the role of the added 
ligand; however, additional experiments by Jolly  and Pörschke and co-workers  22 23
provide a partial explanation (Scheme 1.9). The latter authors found that, upon treatment 
of bis(η3-allyl) palladium complex 1.43 with one equivalent of a bidentate phosphine 
ligand at −30 ºC, the stable, bis(η1-allyl) palladium complex 1.44 was formed (eq 17). 
Upon warming to room temperature, this complex rapidly underwent reductive 
elimination to give the hexadiene-bound palladium(0) complex 1.45. Based on these 
results, the bis(η1-allyl) conformation (1.44) seems far more reactive towards reductive-
elimination than the bis(η3-allyl) structure (1.43) and can explain why added ligand was 
necessary in the previous cases. A more complete electronic argument for this feature 
will be presented in the following section (vide infra).!
! This general mode of reactivity is not, however, limited to stoichiometric 
reactions. In 1985, Schwartz and Goliaszewski presented a catalytic version of the 
Pd(II)
1.44
R2P PR2
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 12
 Jolly, P. W. Angew. Chem. Int. Ed. Engl. 1985, 24, 283.22
 Krause, J.; Bonrath, W.; Pörschke, K. R. Organometallics 1992, 11, 1158.23
previously described methodology for the coupling with allylpalladium chloride dimer and 
maleic anhydride as the ligand (Scheme 1.10, eq 18).  In this case, the coupling of 24
cinnamyl chloride (1.46) and crotyl(tributyl)stannane gave the linear compound 1.48 in 
moderate yields. The authors also observed the formation of a small amount of 
homocoupled product, which was attributed to a reversible transmetallation. The 
regioselectivity was in agreement with results seen in stoichiometric reactions of the 
same coupling partners as described in Scheme 1.8, leading the authors to conclude 
that the catalytic reaction must also proceed through an inner-sphere process.!
!
Scheme 1.10: Catalytic Inner-Sphere Couplings!
!
  !
!
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! As with the stoichiometric studies presented in Schemes 1.8 and 1.9, Yamamoto 
and co-workers observed that the presence of a ligand was also necessary for 1,5-diene 
formation in catalytic reactions (Scheme 1.10 eqs 19-21).  In the absence of added 25
ligand, palladium is known to catalyze allylation of aldehydes in the presence of an allyl 
stannane and an allyl acetate (eq 19).  Interestingly, if triphenyl phosphine was added 26
to the reaction, the allylation ceased, and the allyl-allyl coupling product was observed 
as the sole product in high yield and regioselectivity (eq 20). To account for this turnover 
in reactivity, the authors present the two mechanisms as shown in equation 21. Both 
pathways are proposed to be inner-sphere, and begin with formation of the bis(η3-allyl) 
palladium intermediate 1.53 via oxidative addition with the allylic chloride, followed by 
transmetallation. Under ligand-free conditions, the aldehyde coordinates to 1.53 and 
undergoes allylation with the unsubstituted allyl fragment to give oxygen-bound 
intermediate 1.54, which is displaced upon subsequent transmetallation. In the presence 
of ligand, the intermediate is instead proposed to form the mixed (η3-allyl)(η1-allyl) 
intermediate 1.55, which does not coordinate aldehyde and instead undergoes coupling 
to form the diene products. This example stands as an important example of the role of 
ligands in promoting allyl-allyl coupling.!
!
!
!
!
!
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C. Intramolecular, Branched-Selective Allyl-Allyl Couplings and the 3,3ʹ-Reductive 
Elimination Pathway!
! Although the intermolecular inner-sphere allyl-allyl cross-couplings presented in 
the previous sections are highly linear-selective, there is precedence for branched-
selectivity in intramolecular couplings. In 1997, the Echavarren group reported a highly 
regio- and diastereoselective allyl-allyl coupling of diene 1.56 en route to the terpene-
derived natural product (±)-epi-elemol (Scheme 1.11).  Under palladium catalysis with 27
triphenylphosphine as the ligand, the reaction showed coupling between the γ-carbons 
of the allylic fragments of 1.56 to furnish the branched 1,5-diene 1.57 (eq 22). This 
coupling proceeded with near perfect regio- and diastereoselectivity for the branched 
syn compound.!
!
Scheme 1.11: An Intramolecular, Branched-Selective Allyl-Allyl Coupling!
!
  !
!
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! Mechanistically, the authors proposed that, upon oxidative addition of the allylic 
acetate followed by intramolecular transmetallation of the allylstannane, complexes 1.58 
and 1.59 could be formed (Scheme 1.11). As the (η3-allyl)(η1-allyl) complex 1.58 could 
undergo β-hydride elimination to furnish triene byproducts, which were not observed,  28
the authors proposed bond formation through the bis(η3-allyl) intermediate 1.59. In terms 
of diastereoselectivity, the observed product would come from syn-1.59, however the 
authors were unable to explain the favorability of this transition state over anti-1.59 
based on any apparent steric factors.!
!
Scheme 1.12: Echavarren’s DFT Study on Bond Formation in Allyl-Allyl Couplings!
!
  !
!
! Intrigued by the high selectivities in the intramolecular coupling, the Echavarren 
group carried out a computational study utilizing density functional theory (DFT) to 
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further explore the nature of diene formation in palladium-catalyzed allyl-allyl couplings 
(Scheme 1.12).  Although the group had previously proposed that bond formation 29
occurred directly from a bis(η3-allyl) palladium complex, this mechanism does not 
involve the phosphine ligand that proved necessary for reactivity. Consequently, multiple 
pathways for the formation of 1,5-hexadiene from PH3-ligated bis-allyl palladium 
complexes were considered. Beginning from the bis(η3-allyl) complex 1.60, the authors 
calculated a relatively high activation barrier of 36.6 kcal/mol for the η3-η3 coupling. 
Association of a single phosphine leads to the (η3-allyl)(η1-allyl) intermediate 1.61, which 
is 0.4 kcal/mol higher in energy but shows the ability to form product through the η3-η1 
pathway with a lower barrier of 23.4 kcal/mol. !
! Addition of a second phosphine ligand yields the bis(η1-allyl) complex 1.62, 
calculated to be 2.4 kcal/mol higher in energy than the bis(η3-allyl). The authors 
reasoned that from this complex, bond formation could occur between either the 3 and 3ʹ 
or 1 and 1ʹ carbons.  Both of these pathways were found to show lower activation 30
barriers than the previous pathways, however, the 3,3ʹ-coupling (Ea = 8.5 kcal/mol) was 
found to be 12.4 kcal/mol lower in energy than the 1,1ʹ pathway. Of additional interest is 
the observation that the preferred conformation for the 3,3ʹ-elimination is a chair-like anti-
complex, which is 2.6 kcal/mol lower in energy than the boat-like syn-3,3ʹ conformation 
(8.5 and 11.1 kcal/mol respectively). These computational results provide strong 
theoretical evidence that the anti-3,3ʹ-reductive elimination could be the operative 
pathway in the inner-sphere couplings described in Sections 1.II.B and 1.II.C.!
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! Hoping to increase understanding of the electronic features of allyl-allyl 
couplings, the Espinet group performed further calculations on the simple unsubstituted 
bis-allyl system (Scheme 1.13).  These authors began by probing the effects of ligand 31
substitution on the activation barriers for 3,3ʹ-, 1,1ʹ-, and η3-η1-reductive eliminations 
from bis(η1-allyl)(PMe3)PdL complexes (L = PMe3, ethylene, maleic anhydride or empty). 
As anticipated based on the Eschavarren study, the 3,3ʹ-elimination pathway was 
favored when L = PMe3, and remained the low-energy pathway for the other ligand 
combinations as well. Overall, the activation barrier for all of the couplings decreased 
with more electron-withdrawing ligands. For the 3,3ʹ-pathway, the activation barriers for 
reductive elimination decreased by 4.8 and 11.5 kcal/mol for ethylene and maleic 
anhydride as ligands respectively when compared to PMe3. The authors reasoned that 
the increasing π-acidity of the ligands accelerated reductive elimination by withdrawing 
electron density from the metal center.  Additionally, activation barriers were the lowest 32
for the 3,3ʹ- and 1,1ʹ-pathways from the three coordinate complexes (L = empty), in line 
with the group’s previous studies on ligand effects in Pd-catalyzed alkyl-alkyl couplings. 
The observed decrease in activation barrier for three-coordinate complexes is attributed 
to a more favorable filled-unfilled interaction between the newly formed C-C bond and 
empty d-orbitals on palladium.32!
!!!!!!
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Scheme 1.13: Espinet’s DFT Study on Ligand Effects!
!
  !
!
! The authors also offer a more detailed discussion of why the 3,3ʹ-reductive 
elimination is shown to be favored over the 1,1ʹ-pathway. In considering the geometries 
of the two pathways, the transition state for 3,3ʹ-elimination showed far less distortion 
from the ground state structure than the 1,1ʹ-pathway. Electronically, the 3,3ʹ-pathway 
also experiences additional stabilizing interactions between the palladium center and the 
developing C=C bonds. Careful consideration of the molecular orbitals involved in the 
reductive elimination pathways also revealed that the 3,3ʹ-pathway shows orbital 
interactions similar to the pericyclic homo-Cope reaction. Based on this feature, the 
authors propose that the 3,3ʹ-reductive elimination could be thought of as a unique 
metallopericyclic reaction, benefiting from some of the same stereoelectronic elements 
that allow pericyclic reactions to operate. Together, these results shape a clearer picture 
of why the 3,3ʹ-reductive elimination pathway is so favorable, and provide a theoretical 
basis to begin to understand experimental results.!
!
!
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D. Other Pericyclic-Type Transformations Catalyzed by Pd and Ni!
! In addition to the Pd-catalyzed allyl-allyl coupling reaction, reactivity patterns 
similar to the 3,3ʹ-reductive elimination pathway have also been proposed for related Pd- 
and Ni- catalyzed reactions. In 2004, Stoltz and Behenna reported an enantioselective 
Pd-catalyzed decarboxylative Tsuji allylation of allyl enol carbonate 1.63 (Scheme 
1.14).  Utilizing phosphinooxazoline ligand 1.64, this reaction was shown to deliver 33
quaternary center-containing α-allyl cyclohexanone 1.65 in high yield and good 
enantioselectivity (eq 23). In studying the mechanism of this transformation, the groups 
of Stoltz and Goddard showed computational evidence that bond formation occurs from 
the (η1-allyl)/oxygen-bound enolate complex 1.66 via the seven-membered transition 
state 1.67 (eq 24).  Effectively a metallo-Claisen form of the 3,3ʹ-reductive elimination 34
pathway, this mode of reactivity likely experiences many of the same stabilizing 
interactions. Unfortunately, further computational studies probing the origins of 
stereocontrol in the reaction were inconclusive, however, the authors propose a chair-
like transition state similar to that as proposed for the allyl-allyl couplings. !
!
!
!
!
!
 20
 a) Behenna, D. C.; Stoltz, B. M. J. Am. Chem. Soc. 2004, 126, 15044. For mechanistic studies, 33
see: b) Sherden, N. H.; Behenna, D. C.; Virgil, S. C.; Stoltz, B. M. Angew. Chem. Int. Ed. 2009, 
48, 6840.
 a) Keith, J. A.; Behenna, D. C.; Sherden, N. C.; Mohr, J. T.; Ma, S.; Marinescu, S. C.; Nielsen, 34
R. J.; Oxgaard, J.; Stoltz, B. M.; Goddard III, W. A. J. Am. Chem. Soc. 2012, 134, 19050. b) Keith, 
J. A.; Behenna, D. C.; Mohr, J. T.; Ma, S.; Marinescu, S. C.; Oxgaard, J.; Stoltz, B. M.; Goddard 
III, W. A. J. Am. Chem. Soc. 2007, 129, 11876.
Scheme 1.14: The Asymmetric Decarboxylative Allylation Reaction!
!
  !
!
! A similar mechanism has also been advanced for Pd-catalyzed allylative 
dearomatizations (Scheme 1.15). In 2001, Yamamoto and co-workers reported that, 
under palladium catalysis with triphenylphosphine as the ligand, benzyl chloride 
underwent a dearomative coupling with allyl(tributyl)stannane to give substituted 1,4-
cyclohexadiene product 1.69 in good yield (eq 25).  Although the authors proposed that 35
bond formation occurred from the bis(η3-allyl) palladium complex, further computational 
studies suggested otherwise. Utilizing DFT, Ariafard and Lin found that the low-energy 
pathway for formation of the observed product was actually through the intermediacy of 
(η3-benzyl)(η1-allyl) intermediate 1.70.  Transition state 1.71 experiences a small 36
activation free energy barrier of 7.1 kcal/mol to form the product-bound diene 1.72 (eq 
26). !
!
Pd2(dba)3 (2.5%)
(S)-1.64 (6.25%)
THF, 25 oC, 2 h
1.65
96% Yield
88% ee
O O
O
Me
PPh2 N
O
t-Bu
MeO
(23)
(S)-1.64
Pd NP
O
Me
*
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Pd NP
O
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*
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‡
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Scheme 1.15: 3,3ʹ-like Pathway in Allylative Dearomatizations!
!
  !
!
! Morken and Seiber also proposed a similar mechanism in a Ni-catalyzed 
asymmetric conjugate allylation of activated enones (Scheme 1.16).  Use of TADDOL-37
derived phosphoramidite ligand 1.74 effected the conjugate addition of allylB(pin) to 
dialkylidene 1.73 to give addition product 1.75 in good yield, regio- and stereoselectivity 
(eq 27). The proposed mechanism operates through (η3-allyl) nickel complex 1.76, 
formed upon oxidative addition of the nickel with the less-hindered α,β-unsaturated 
carbonyl portion followed by coordination of the allylboron to the nickel enone. Upon 
transmetallation of the allyl unit to the Ni, 3,3ʹ-reductive elimination from (η1-allyl)(η3-allyl) 
complex 1.77 is thought to give the observed product (eq 28). This pathway was 
supported by DFT calculations and mechanistic studies, and the methodology was 
extended to the allylation of methylidene ketones.  !38
!
!
Pd2(dba)3 (5%)
PPh3 (40%)
acetone, rt, 24 h
1.69
80% Yield (25)
SnBu3
Cl +
PdPh3P
PdPh3P
PdPh3P
1.71 (7.1)1.70 (0.0) 1.72 (-4.7)
‡
relative free energies 
(ΔG) in kcal/mol 
B3LYP/LANL2DZ 
(Pd, P), 6-31G (C, H)
(26)
1.491.68
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Scheme 1.16: Morken and Seiber’s Ni-Catalyzed Conjugate Allylation!
!
  !
!
E. A Branched Selective, Intermolecular Allyl-Allyl Coupling!
! Led to the Echavarren studies during the mechanistic investigation of the Ni-
catalyzed conjugate addition, Morken and graduate students Drs. Ping Zhang and Laura 
Brozek became interested in utilizing the 3,3ʹ-pathway to develop an intramolecular, 
branched-selective allyl-allyl coupling (Scheme 1.17).  Utilizing a substituted allylic 39
electrophile and an allylmetal reagent, they hoped to access the branched isomer of 
product through an inner-sphere, 3,3ʹ-reductive elimination from intermediate 1.78 (eq 
29). Mechanistically, they believed that the use of a bidentate bisphosphine ligand would 
be beneficial. Steric interactions between the catalyst and substituents on the allylic 
fragments might force the palladium to sit at the less-substituted carbon and promote 
reaction via 1.78. Additionally, a suitable chiral bidentate ligand might also promote facial 
selectivity during bond formation to render the transformation asymmetric. !
!
Ph pentyl
O
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Scheme 1.17: Proposed Intermolecular Branched-Selective Allyl-Allyl Coupling!
!
  !
!
! The authors began their investigation employing a Pd2(dba)3/ligand catalyst 
system for the coupling of cinnamyl tert-butyl carbonate (1.79) and allylB(pin) (1.80) 
(Scheme 1.18). As might be predicted based on previous results (Section 1.II.B), use of 
triphenylphosphine as the ligand gave linear 1.19 with high regioselectivity. Bidentate 
ligands, however, showed a complete turnover in regioselectivity. Small bite angle 
ligands (βn = 83-91°) were found to be the most selective,  with 1,2-40
bisdiphenylphoshphino- benzene (dpp-bz), ethane (dppe) and propane (dppp) showing 
near perfect regioselectivity for the desired branched isomer 1.52. Ligands possessing 
larger bite angles (βn = 96-102°) showed lower regioselectivity. The authors 
hypothesized that selectivity was based on the ability of the ligand to control the 3,3ʹ-
reductive elimination over the 1,1ʹ. Based on structural data obtained from the 
Echavarren studies, they calculated a P-Pd-P angle of 96.6° for the 3,3ʹ elimination and 
larger angle of 104.9° for the 1,1ʹ (see inset on left of Scheme 1.18). Presumably, the 
smaller bite angle ligands were able to contract the d-orbital on one side of the palladium 
complex, effectively separating the 1 and 1ʹ carbons and disfavoring this pathway.!
!
!
R
+ M
R
X
[Pd]
P P Pd
P
PPh
3'
3
(29)
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*
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Scheme 1.18: Ligand Effects in Branched-Selective Allyl-Allyl Couplings!
!
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!
! Morken, Brozek and Zhang surveyed a number of commercially available chiral 
small bite angle bidentate phosphine ligands in order to explore the ability of such a 
ligand to control facial selectivity during diene formation (Scheme 1.19). 2,2ʹ-
Bis(difurylphosphino)-6,6’-dimethoxybiphenyl (MeO(furyl)BIPHEP, 1.81)  was found to 41
be highly regio- and stereoselective in the formation of branched product 1.52 (eq 31). 
Substrates containing aliphatic substitution showed lower reactivity and selectivity with 
ligand 1.81, and also suffered from low yield due to competitive β-hydride elimination 
during the reaction. In this case, use of ligand 1.83 (QuinoxP*) and the internally 
substituted 1.82 allowed isolation of the aliphatic-substituted product 1.84 in good 
enantioselectivity and moderate yield and regioselectivity (eq 32). These examples also 
highlight the ability to employ either the internal or terminal allyl carbonates.!
!
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Scheme 1.19: Representative Allyl-Allyl Couplings!
!
  !
!
! To further probe the mechanistic features of the reaction, the deuterium labeling 
studies presented in Scheme 1.20 were undertaken. To study the nature of 
transmetallation, bis-α-deuterium-labled allylB(pin) (1.85) was prepared and subjected to 
allyl-allyl coupling (eq 33). A 1:1 ratio of deuterium at the γ- and α-carbons of the product 
suggested that the labeled allyl fragment underwent rapid isomerization at some point 
during the reaction. An outer-sphere, SE2ʹ attack onto the allyl unit would be expected to 
give deuterium only at the γ-carbon. As this was not observed, the result instead 
suggests inner-sphere transmetallation of the allyl fragment to the palladium center. This 
would be followed by rapid equilibration through a known 5-coordinate (η3-allyl)(η1-allyl) 
palladium complex prior to reductive elimination.22 !
! In a second experiment, optically enriched, deuterium-labeled carbonate (S)-
Z-1.86 was prepared and subjected to the reaction with ligand 1.81 to give product (S)-
E-1.87 (eq 34). The authors reasoned that this product could only derive from an inner-
Ph
OBoc
+ B(pin)
Ph
Pd2(dba)3 (5%)
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sphere process. Upon anti-SN2ʹ oxidative addition of the palladium with (S)-Z-1.86,  42
intermediate 1.88 will be formed. Subsequent π-σ-π isomerization to move palladium to 
the opposite face of the (η3-allyl) unit will form 1.89, which will be followed by 
transmetallation of the allyl unit to give the bis(η1-allyl) 1.90. From this complex, 3,3ʹ-
reductive elimination will furnish the observed (S)-E stereoisomer of product 1.87, which 
shows net inversion of stereochemistry. The alternate direct outer-sphere attack onto 
1.88 or 1.89 would instead be expected to give the (R)-E isomer of 1.89, product of a net 
retention of configuration due to a double inversion.!
!
Scheme 1.20: Mechanistic Studies on Allyl-Allyl Couplings!
!
  !
!
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III. Computational and Mechanistic Studies on the Origins of Branched Versus 
Linear Selectivity !43
!
A. Significance of the Study: Questions Raised !
! Taken as a whole, the course of studies on inner-sphere allyl-allyl couplings have 
presented a remarkable amount of mechanistic information about the reaction. The 
computational studies carried out by Echavarren and Espinet have provided a deep 
understanding of potential pathways for 1,5-diene formation from unsubstituted bis(allyl) 
palladium complexes. What is lacking, however, is data that might suggest why 
bidentate ligands have such an enormous effect on regioselectivity. Consequently, we 
decided to use computations and additional laboratory experiments to further study the 
origins of linear and branched selectivity in systems containing either mono- or bidentate 
ligands. Specifically, we hoped to address three issues: (1) the mechanism of linear 
selectivity with monodentate ligands, (2) the origin of high branched regioselectivity with 
small bite angle ligands and (3) the source of unpredictable selectivities with larger-bite 
angle ligands.!
!
B. Studies on the Origins of Linear Selectivity with Monodentate Ligands!!
! To explore the mechanistic origins of linear regioselectivity with monodentate 
ligands, computational studies utilizing density functional theory (DFT) were carried 
out.  These studies considered potential pathways leading to linear and branched 44
isomers of phenyl-substituted 1,5-diene products of type 1.52 and 1.19 (Scheme 1.18). 
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 See Section 3.III.D and Appendix C for complete details about computational methods used 44
and calculated structural information.
This model was chosen because, experimentally, both Yamamoto25 and Morken39 have 
seen high linear regioselectivity for this coupling pattern (92:8 and >20:1 linear:branched 
respectively) in Pd-catalyzed, inner-sphere allyl-allyl couplings with PPh3 as the ligand.!
!
Figure 1.1: Reaction Coordinate for bis-Ligated bis(Allyl)Pd Complexes!
!
  !
!
! Efforts to distinguish between potential reaction pathways began from the bis-
ligated, bis(η1-allyl) complex GS1.A (Figure 1.1). Based on the previous studies, the two 
lowest energy routes for bond formation from this complex should either be through a 
3,3ʹ- or 1,1ʹ-reductive elimination. Despite the additional substitution at C3, the 3,3ʹ-
pathway to give the branched isomer (TS1.A) was still calculated to be preferred, showing 
an activation free energy barrier 5.5 kcal/mol lower in energy than the 1,1ʹ (TS1.B). As an 
alternate route to the experimentally observed linear isomer, the complex could instead 
undergo 3,3ʹ reductive elimination from complex GS1.B, in which the palladium sits at the 
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benzylic carbon of the allyl fragment. The ground-state energy for this complex was 
calculated to be 15.3 kcal/mol higher in energy than GS1.A, and likely is not a significant 
species in the reaction.  Instead of undergoing reductive elimination, complex GS1.A 45
could instead dissociate a ligand to form the mono-ligated three-coordinate palladium 
complex GS1.C, which is almost 22 kcal/mol lower in energy. The calculated transition 
state for dissociation of one PPh3 ligand shows a low barrier of only 3.7 kcal/mol, 
suggesting that formation of complex GS1.C from GS1.A should be both rapid and 
thermodynamically favored.!
!
Figure 1.2: Reaction Coordinate for mono-Ligated bis(Allyl)Pd Complexes!
!
  !
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 The 3,3ʹ and 1,1ʹ-pathways from this complex were considered, but transition state calculations 45
failed to converge. 
! Relative energies calculated for the bis-ligated systems failed to offer any 
explanation for the observed linear product, however, they did reveal that complex GS1.C 
could be a more favored intermediate in the reaction. As a result, further studies focused 
on potential pathways for bond formation from this complex (Figure 1.2). In line with the 
Espinet studies, the barriers for diene formation from this three-coordinate system were 
found to be lower than the bis-ligated system. From GS1.C, the transition state for 3,3ʹ-
reductive elimination (TS1.D) to give the branched compound was found to have a barrier 
of only 8.4 kcal/mol, 6.2 kcal/mol lower in energy than the related TS1.A. The transition 
state energy for 1,1ʹ-reductive elimination through TS1.E was found to be 18.2 kcal/mol, 
lower in energy than the four-coordinate TS1.B, but almost 10 kcal higher in energy than 
TS1.D. Interestingly, the benzylic GS1.E was far less disfavored when there was only one 
ligand on the palladium, and was calculated to only be 1.5 kcal/mol higher in energy than 
GS1.C. More importantly, 3,3ʹ-reductive elimination from GS1.E through TS1.F was found to 
have a barrier of only 4.3 kcal/mol, far lower than any of the other barriers for diene 
formation. This pathway could represent the dominant source of the linear product in 
allyl-allyl couplings with monodentate ligands, and the relatively low activation free 
energy barrier also could explain the efficiency of such couplings observed 
experimentally.!
!
!
!
!
!
!
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Figure 1.3: Reaction Coordinate for η3-η1 Pathway in Allyl-Allyl Coupling!
!
  !
!
! In addition to the pathways discussed that are operative through 3,3ʹ- or 1,1ʹ-
couplings, there exists an additional η3-η1 pathway that might also account for the linear 
selectivity (Figure 1.3). These couplings occur from the (η3-allyl)(η1-allyl) palladium 
complex GS1.D or the lower energy GS1.F, which represents the most stable ground state 
in the study at 30.3 kcal/mol below GS1.A. From these complexes, the η3-η1 pathways to 
give linear product (TS1.J and TS1.H) were both calculated to be significantly higher in 
energy than TS1.F (ΔΔG‡ = 10.3 and 10.5 kcal/mol respectively). The potential pathways 
for branched diene formation (TS1.I and TS1.K) were also calculated to have relatively 
high activation free energy barriers (22.2 and 34.8 kcal/mol respectively). Overall, it is 
unlikely that the η3-η1 reductive-elimination pathway plays a role in allyl-allyl couplings 
under conditions as considered in this study.!
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! Together, these computational studies provide strong evidence that the linear 
selectivity seen with monodentate ligands could be a result of 3,3ʹ-reductive elimination 
through a monoligated, three-coordinate transition state such as TS1.F. The results also 
suggest that when two phosphine ligands are coordinated to palladium, formation of the 
branched isomer through a transition state such as TS1.A should be favored. If the mono- 
and bis-ligated complexes indeed give opposite regioselectivity, we wondered if the 
equilibrium between these two complexes could be shifted to favor reaction through the 
higher-energy four-coordinate complex in the presence of a large excess of 
triphenylphosphine.!
!
Scheme 1.21: Effects of Triphenylphosphine Concentration on Regioselectivity!
!
  !
!
! In this context, the Pd-catalyzed allyl-allyl coupling of cinnamyl carbonate 1.79 
and allylB(pin) was carried out with varying amounts of triphenylphosphine (Scheme 
1.21). These experiments showed that, although the linear isomer remained favored, 
more branched product was produced with increased equivalents of added ligand. 
Although a large excess (10 equivalents) was required to exceed even a 10:1 ratio of 
linear to branched product, this experiment supports the idea that the linear isomer 
comes from a three-coordinate complex, while the branched isomer could arise from a 
complex involving two phosphine ligands.!
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C. Computational and Mechanistic Studies: Bidentate Ligands!
! Having established an understanding of the mechanistic features of the allyl-allyl 
coupling with monodentate ligands, we decided to further explore the influence of 
bidentate ligands on regioselectivity. Based on the results with monodentate ligands, it 
would seem most logical that the role of the bidentate ligand would be to favor a four-
coordinate complex. In doing so, the ligand would favor a 3,3ʹ-reductive elimination in 
which any substituents on the allyl fragment are placed away from the palladium center 
to avoid steric interactions, yielding the branched isomer of product. What this 
explanation does not elucidate, however, is the observed inconsistencies in 
regioselectivity with larger-bite angle ligands. Looking back to Scheme 1.18, one can 
observe a perplexingly disconnected trend in branched to linear ratios for the last three 
entries. While 1,1ʹ-bis(diphenyl-phosphino)ferrocene (dppf), a ligand with a calculated 
natural bite angle (βn) of 96°,40 showed a relatively high 94:6 branched to linear ratio, an 
increase in bite angle of only 2° for 1,4-bis(diphenylphosphino)butane (dppb, βn = 98°) 
resulted in a significantly different ratio (38:62). It is even more puzzling that 
regioselectivities again reverse with the larger bis[(2-diphenylphosphino)phenyl]ether 
(DPEphos, βn = 102°), showing a 72:28 branched to linear ratio. To clarify these results, 
additional computational studies were carried out on the model system as presented in 
Section 1.III.B utilizing bidentate ligands.!
!
!
!
!
!
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Figure 1.4: Calculated ΔG‡ Values for Bidentate Ligands!
!
  !
!
! To explain the general trend in regioselectivity with bidentate ligands, Morken and 
co-workers proposed that smaller-bite angle ligands were able to better favor the 3,3ʹ-
reductive elimination pathway over the 1,1ʹ.39 In order to test this hypothesis, the relative 
activation free energy barriers for 3,3ʹ- and 1,1ʹ-reductive elimination were calculated for 
four ligands that were part of the original study. As seen in Figure 1.4, there exists little 
correlation between differences in elimination barriers and the observed regioselectivity: 
each of the ligands showed ΔΔG‡ values favoring the 3,3ʹ-pathway by over 11 kcal/mol. 
Comparing specific barrier heights there seem to be similarities between dppe and dppb 
(entries 1 and 3), as well as between dppf and DPEphos (entries 2 and 4), however, 
these ligand pairs show very different regioselectivities experimentally. Although dppb, 
the ligand that showed the lowest selectivity of the four, does also show the lowest ΔΔG‡ 
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between 3,3ʹ- and 1,1-pathways, the difference of almost 12 kcal/mol suggests that the 
1,1ʹ-coupling is most likely not the source of linear product for this ligand.!
!
Figure 1.5: Calculated Bond Angles for Reaction Pathways with Bidentate Ligands!
!
  !
!
! Looking to other factors that could explain the disparate regioselectivity, an 
interesting trend is seen when structural features of the optimized ground- and transition-
states for each ligand are considered (Figure 1.5). In the ground-state, all four ligands 
show P-Pd-P bite angles that are different from their calculated natural bite angles. 
Although this difference is small for dppe and DPEphos (-0.7° and -2.9° respectively, 
entries 1 and 4), it is more pronounced for dppf (+5.1°) and dppb (-4.5°) (entries 2 and 
3). What is potentially more important are calculated differences in bite angle during 3,3ʹ- 
and 1,1ʹ-reductive eliminations (Δθ‡), which show better correlation to the branched to 
linear ratio than any of the other factors considered. As seen in entries 1 and 2, dppe 
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and dppf, the two most branched-selective ligands, show low Δθ‡ values (4.4 and 3.8°), 
and relatively little distortion from their preferred ground-state bite angles for each of the 
transition states. In contrast, the nonselective dppb (entry 3) shows a Δθ‡ of almost 14°, 
showing an increased ability to conform to each transition state differently. In the middle 
of these two sets of data is DPEphos (Δθ‡ = 5.8, entry 4), which also shows a branched 
to linear ratio between that of dppe/dppf and dppb.!
! Based on these results, it appears that ligand flexibility, and not specifically the 
bite angle, could be a controlling factor for regioselectivity. To further probe this idea, a 
more quantitative test of ligand flexibility was carried out computationally. Both Casey 
and van Leeuwen have described a straightforward molecular mechanics-based method 
for determining the flexibility range of bidentate diphosphine ligands.  For this 46
technique, a ligand is bound to a ‘dummy’ metal center based on calculated or 
crystallographically determined P-M-P bond lengths. One of the phosphorous-metal 
bond lengths is fixed, and the P-M-P bond angle is increased or decreased in one 
degree increments while the energies of each intermediate complex are calculated. The 
‘flexibility’ of the ligand is determined to be the range of P-M-P angles that furnish 
complexes with excess strain energies within 3 kcal/mol of the ground state complex. 
This method has proven useful in calculating how a group of ligands may act relative to 
one another in various reactions, and has been utilized successfully for the design of 
new ligands.!
!
!
Figure 1.6: Bite-Angle Flexibility Range Energy Diagram!
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Kramer, P. C. J.; Reek, J. N. H. Pure Appl. Chem. 1999, 71, 1443.
!  !
!
! A similar study was carried out on the ground state bis(η1-allyl)Pd complexes with 
dppe and dppb (Figure 1.6). Instead of the non-quantum molecular mechanic approach 
used by Casey and van Leeuwen, density functional theory (DFT) was used in hopes of 
providing more accurate energy values.  Additionally, because the study at hand 47
concerns the flexibility of a ligand in a specific system, the calculations were run on the 
full bis(η1-allyl)Pd complex instead of one containing a dummy metal and no 
substituents. The optimized ground states for each of the complexes were chosen as an 
initial geometry, one P-Pd bond fixed, and the P-Pd-P angles scanned for 30 steps both 
in and out with a step size of one degree. As seen in the energy profile, the two ligands 
do show differences in flexibility range consistent with the previous calculations. While 
dppe shows a somewhat constrained range of 14° with allowable bite angles of 
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77.3-91.3°, dppb shows a shallower energy profile resulting in a 23° flexibility range with 
allowable bite angles of 82.5-105.5°. !
! Although these studies do provide further evidence that dppb is a more flexible 
ligand, they do not definitively answer the operative question of why the ligand gives 
such low regioselectivity. One potential explanation could be that, due to its increased 
flexibility, the ligand could be acting hemilabile. This could allow some portion of the 
reaction product to arise from a bis(allyl)palladium species in which only one arm of the 
ligand is coordinated. From this complex, the same pathway as described above for 
linear product formation with PPh3 might be operative.!
!
Figure 1.7: Evidence of Hemilability with Additional Ligands!
!
  !
!
! To further study this postulate, the Pd-catalyzed allyl-allyl coupling of cinnamyl 
carbonate 1.79 and allylB(pin) was carried out with two additional ligands (Figure 1.7). 
Xantphos is known to have electronic properties similar to DPEphos, however, the 
calculated flexibility range for these ligands are quite different. Van Leeuwen and 
colleagues calculated DPEphos to have a natural bite angle of 102° and a flexibility 
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range of 82.5-105.5°, while Xantphos showed values of 111° and 97-133°.40 If the 
reduced branched-selectivity seen with DPEphos was due to some presence of 
monodentate-bound ligand, Xantphos should show even lower selectivity due to its 
increased bite angle and elevated proclivity to act monodentate. Indeed, couplings with 
Xantphos as the ligand occurred with a slightly reduced branched to linear ratio (53:47, 
entry 2) than DPEphos (72:28, entry 1).!
! Perhaps a more telling result comes from the second ligand set chosen for 
comparison. Although structurally similar to dppf, ditertbutylphenylferrocene (Dt-BPF) is 
known to act as a hemilabile or monodentate ligand in palladium-catalyzed cross-
coupling reactions, whereas dppf acts bidentate.  Experimentally, despite nearly 48
identical calculated ground-state bite angles, dppf and Dt-BPF give nearly opposite 
branched to linear ratios (96:4 vs. 15:85 respectively, entries 3 and 4, Figure 1.7). 
Assuming that the Dt-BPF is able to act hemilabile in this reaction as well, these results 
strongly support the notion that the low branched-selectivity seen with large bidentate 
ligands could be a result of 3,3ʹ-reductive elimination from a mono-ligated palladium 
complex.!
! Computationally, we hoped to extend our studies of monodentate ligands to 
understand the reaction coordinate for bidentate ligands that are potentially hemilabile. 
In this context, Xantphos was chosen as a model ligand due to its structural rigidity, a 
feature which reduced the number of potential conformational structures that would need 
to be considered. As seen in Figure 1.8, the results do indicate that Xantphos may be 
able to access a similar reaction pathway for linear diene formation as seen with the 
monodentate ligands. From the bis-ligated bis(η1-allyl) palladium complex GS1.G, 3,3ʹ-
 40
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reductive elimination can occur through TS1.L to give the branched isomer with an 
activation free energy barrier of 12.6 kcal/mol. The 1,1ʹ-pathway (TS1.M) is almost 15 
kcal/mol higher in energy and is an unlikely contributor to linear product formation. GS1.G 
can also undergo dissociation of one arm of the phosphine ligand to give the mono-
ligated GS1.H, which lies 3.4 kcal/mol higher in energy. From this three-coordinate 
complex, 3,3ʹ-reductive elimination can furnish the branched diene product through TS1.N 
with a ΔΔG‡ 0.8 kcal/mol higher than for the four-coordinate TS1.L.!
!
Figure 1.8: Reaction Coordinate for Diene Formation with Xantphos!
!
  !
!
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! Presumably through the intermediacy of GS1.I, GS1.H can alternately isomerize to 
GS1.J, placing the palladium at the more-substituted carbon of the allyl fragment. GS1.J 
was calculated to be 3.1 kcal/mol higher in energy than the other isomer of mono-ligated 
complex, presumably due to increased steric interactions between the phenyl ring and 
the dissociated arm of the ligand. From GS1.J, 3,3ʹ-reductive elimination through TS1.O to 
give the linear product was calculated to have a small barrier, showing a ΔΔG‡ of -1.7 
and -2.5 kcal/mol compared to TS1.L and TS1.N respectively. Assuming that the reaction is 
under Curtin-Hammett control, these calculations suggest that that reaction through the 
mono-ligated TS1.O is not only possible, but preferred. The relative energies actually 
predict a much lower branched to linear ratio than is observed experimentally; it is 
possible that the actual energy values are within the error of the calculated energy 
values, as TS1.L, TS1.N and TS1.O all lie in a small 2.5 kcal/mol range. Consequently, it is 
not possible to specify the pathway leading to branched product, as either TS1.L or TS1.N 
could be operative. If not quantitative, these calculations at least serve as qualitative 
evidence that larger-bite angle, flexible ligands may act as hemilabile ligands under 
certain conditions.!
! Similar computations run on the system utilizing dppe as the ligand were less 
conclusive, however, they did show significant differences in relative ground state 
energies compared to Xantphos (Figure 1.9). Here, the corresponding mono-ligated (η1-
allyl) complexes GS1.L and GS1.N lie 11.8 and 12.8 kcal/mol above the bis-ligated GS1.K, 
most likely due to an increased amount of strain in the ligand backbone. The lowest 
energy pathway for formation of branched product was calculated to be TS1.P, a 3,3ʹ-
reductive elimination from four-coordinate GS1.K, which showed an activation free energy 
of 17.7 kcal/mol. In line with the previous results, the lowest energy pathway to give 
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linear product was predicted to be through TS1.S, a 3,3ʹ-elimination from 3-coordinate 
GS1.N. Although the energy differences between these two transition states predict a 
much lower selectivity (~1:1) than seen experimentally (98:2), it is possible that the 
transition states required to access GS1.N from GS1.M could lie higher in energy than 
TS1.P, which would remove the reaction from Curtin-Hammett control. Unfortunately, 
efforts to find such a high-energy transition state were unsuccessful.!
!
Figure 1.9: Reaction Coordinate for Diene Formation with dppe!
!
  !
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! Overall, these computational and laboratory studies have provided a deeper 
understanding of the factors that control branched or linear selectivity in allyl-allyl 
couplings. While previous proposals were based on the idea that small bite angle 
bidentate ligands promote high branched selectivity by controlling rates of 3,3ʹ- versus 
1,1ʹ-reductive elimination, the new calculations provide firm evidence of an alternate 
pathway. It appears that the linear product is also formed through a 3,3ʹ-reductive 
elimination from a mono-ligated palladium complex in which the substituent is located at 
C1 of the allyl fragment. This proposal accounts the high linear selectivity seen with 
monodentate ligands, and also helps to explain why large bite angle bidentate 
bisphosphine ligands show inconsistent results. The idea that ligand flexibility can play 
such a significant role in controlling reaction selectivity and activity is may be an 
overlooked factor in other transition-metal catalyzed processes. Increased 
consciousness regarding this concept could aid greatly in explaining previous results or 
developing new methodologies or ligand scaffolds.!
!
!
!
!
!
!
!
!
!
!
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IV. Conclusions!
!
! The palladium-catalyzed coupling of two allyl fragments is an operation of great 
potential use as it produces synthetically valuable 1,5-diene products. Unfortunately, 
inability to control regiochemistry has long hampered the development of a branched-
selective coupling. Pioneering work by Morken, Zhang and Brozek has shown that use 
of small bite angle bidentate diphosphine ligands is an effective method for promoting 
branched selectivity in allyl-allyl couplings.!
! Computational and laboratory experiments have shown evidence that the 
influence of the bidentate ligands is more complex than originally proposed. Instead of 
controlling rates of 3,3ʹ- and 1,1ʹ-reductive elimination, conformationally rigid small bite 
angle bidentate ligands appear to instead promote branched selectivity by preventing an 
alternate pathway for 3,3ʹ-elimination. This alternate pathway, in which a larger bite angle 
or more flexible ligand can act monodentate, shows reductive elimination through 
unsubstituted 3 and 3ʹ carbons from a three-coordinate complex. A similar pathway was 
calculated to be favored for monodentate ligands, which also explains the high linear 
selectivity observed with these ligands experimentally. Together, these studies have 
generated a significant amount of data regarding the allyl-allyl coupling reaction that 
served as inspiration for the developments detailed in Chapters 2-4.!
!
!
!
!
!
 45
IV. Experimental Procedures!
!
A. General Information!
1H NMR spectra were recorded on a Varian Unity Inova 500 (500 MHz). Liquid 
Chromatography was performed using forced flow (flash chromatography) on silica gel 
(SiO2, 230 × 450 Mesh) purchased from Silicycle. Thin Layer Chromatography was 
performed on 25 μm silica gel plates purchased from Silicycle. Visualization was 
performed using ultraviolet light (254 nm), potassium permanganate (KMnO4) in water. 
All reactions were conducted in oven-dried glassware under an inert atmosphere of 
argon. Tetrahydrofuran (THF) was purified using a Pure Solv MD-4 solvent purification 
system from Innovative Technology Inc. by passing through two activated alumina 
columns after being purged with argon. Tris(dibenzylideneacetone) dipalladium(0) 
[Pd2(dba)3], tripheylphosphine (PPh3), 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene 
(Xantphos), and 1,1'-bis(ditertbutylphosphino)ferrocene (Dt-BPF), were purchased from 
Strem Chemicals, Inc. All other reagents were purchased from either Fisher or Aldrich 
and used without further purification.!
!
!
!
!
!
!
!
!
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B. Experimental Procedures!
!
1. Preparation of tert-Butyl Carbonate 1.79. !49
!
  !
!
! A flame-dried round-bottomed flask equipped with a magnetic stir bar was 
charged with THF (30.0 mL) and cinnamyl alcohol (1.34 g, 10.0 mmol) under a nitrogen 
atmosphere. The solution was cooled to −78 °C, and n-butyl lithium (10 mmol, 4.8 mL of 
a 2.1 M solution) was added dropwise over a period of 10 minutes, and the solution was 
stirred at −78 °C for 30 min. A separately prepared solution of di-tert-butyl dicarbonate 
(2.18 g, 10.0 mmol) dissolved in 5 mL of THF under a nitrogen atmosphere was added 
dropwise at −78 °C, and the solution was warmed to 0 °C for 2 hours followed by 
gradual warming to room temperature overnight. The reaction was re-cooled to 0 °C and 
quenched with diethyl ether and ice water (100 mL of a 3:2 mixture), poured into a 
separatory funnel and extracted into diethyl ether (3 x 100 mL). The combined organics 
were dried over magnesium sulfate, filtered, and concentrated in vacuo. The crude 
reaction mixture was purified on silica gel (10:1 pentane:diethyl ether) to afford a clear, 
colorless oil (1.78 g, 76% yield).  Rf = 0.60 (10:1 pentane:diethyl ether, stain in KMnO4) 
Spectral data are in accordance with the literature.49!
!
!
OH
Boc2O (1 equiv)
nBuLi (1 equiv)
THF
-78°C to rt
O O
O
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2. Determination of Branched/Linear Ratios with Different Ligands!
!
Determination of Branched/Linear Ratios with Varying Amounts of PPh3!
!
! An oven-dried two-dram vial equipped with magnetic stir bar was charged with          
Pd2(dba)3 (1.1 mg, 1.25 μmol), triphenylphosphine (PPh3) (1.3, 5.2, 10.4 or 26.2 mg; 5.0, 
20, 40.0 or 100 μmol), and THF (0.2 mL) in a dry-box under argon atmosphere. The vial 
was capped and stirred for five minutes, then tert-butyl cinnamyl carbonate (23.4 mg, 
0.100 mmol) was added, followed by allylboronic acid pinacol ester (20.2 mg, 0.120 
mmol).  The vial was sealed, removed from the dry-box, and allowed to stir at 60 °C for 
12 h.  After this time, the reaction mixture was diluted with diethyl ether, filtered through a 
plug of silica gel and concentrated in vacuo. The crude reaction mixture was purified on 
silica gel (pentane) to afford a clear, colorless oil Rf = 0.63 (pentane, stain in KMnO4). 
The branched:linear product was determined by 1H-NMR, spectral data for the 
branched39 and linear  products (1.52 and 1.19) are in accordance with the literature.!50
!
!
!
!
!
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++
Determination of Branched/Linear Ratios with Xantphos!
!
!
! An oven-dried two-dram vial equipped with magnetic stir bar was charged with          
Pd2(dba)3 (4.6 mg, 5.0 μmol), Xantphos (5.8 mg, 10 μmol), and THF (0.2 mL) in a dry-
box under argon atmosphere. The vial was capped and stirred for five minutes, and then 
tert-butyl cinnamyl carbonate (23.4 mg, 0.100 mmol) was added, followed by allylboronic 
acid pinacol ester (20.2 mg, 0.120 mmol). The vial was sealed, removed from the dry-
box, and allowed to stir at 60 °C for 12 h. After this time, the reaction mixture was diluted 
with diethyl ether, filtered through a plug of silica gel and concentrated in vacuo. The 
crude reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil, 
which was determined to consist of a 53:47 ratio of branched:linear product by 1H-NMR. 
Rf = 0.63 (pentane, stain in KMNO4).!
!
Determination of Branched/Linear Ratios with Dt-BPF!
!
! The reaction was set following the previous procedure with the following          
modifications: The reaction was run with cinnamyl chloride (15.3 mg, 0.100 mmol) as the 
electrophile and Dt-BPF (4.7 mg, 10 μmol) as the ligand with cesium fluoride (45.6 mg, 
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0.300 mmol) added as an external base activator after addition of the nucleophile. The 
purified reaction mixture was determined to consist of a 15:85 ratio of branched:linear 
product by 1H-NMR.  Rf = 0.63 (pentane, stain in KMNO4).!
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Chapter 2!
!
Diastereo- and Enantioselective Palladium-Catalyzed Allyl-Allyl !
Couplings to give 3,4-Disubstituted 1,5-Dienes!
!
I. Introduction!
! The use of bidentate phosphine ligands in the Pd-catalyzed allyl-allyl coupling as 
described in Chapter 1 represented a significant advance for the synthesis of branched 
1,5-dienes. With this effective protocol for controlling regioselectivity in hand, we began 
to consider related couplings in the hope of expanding the reaction scope. One particular 
question of interest was whether substitution on both the nucleophile and electrophile 
could be tolerated (Scheme 2.1). In such a transformation, 1,5-dienes with adjacent 
tertiary sp3 stereocenters could be formed (2.2), however, additional issues of regio- and 
diastereoselectivity would arise.!
! Ideally, regiochemistry could be controlled at both C3 and C3ʹ in much the same 
way as in the previous coupling. Feasibly, 3,3ʹ-reductive elimination from the sterically 
favored bis(η1-allyl)Pd(II) complex 2.1 would again lead to the branched isomer of 
product (Scheme 2.1, eq 1). In terms of diastereoselectivity, reaction through a chair-like 
transition state as proposed by Eschavarren might lead to high selectivity if the allyl 
fragments were able to rapidly interconvert (eq 2). The bis(trans-η1-allyl)Pd arrangement 
in which both substituents are anti to one another (2.3) should be formed based on 
inherent olefin geometry preferences as well as the sterics of the chair-like transition 
state. 3,3ʹ-Reductive elimination through this complex would lead to the anti 
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diastereomer of branched product (2.4), while enantioselectivity would rely on the ability 
of a chiral ligand to direct one of chair-like conformer over the other.!
!
Scheme 2.1: Diastereoselective Allyl-Allyl Couplings!
!
  !
!
II. Background!
!
A. Diastereoselective Intermolecular Pd-Catalyzed Allylic Substitutions with 
Enolate Nucleophiles!
! Amidst the myriad of reports on Pd-catalyzed asymmetric allylic substitutions, 
there exist relatively few examples of diastereoselective couplings that utilize prochiral 
nucleophiles to deliver products with adjacent tertiary centers.  These reactions are 1
typically believed to operate through outer-sphere processes, and rely on enolate or 
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 Strategies for allylic substitutions to give tertiary centers adjacent to quaternary centers and 1
adjacent quaternary centers also have been developed, see Chapter 3 for a full discussion.
enolate-like nucleophiles. Such nucleophiles are generally only useful when enolate 
geometry can be controlled, a feature that results in increased diastereoselectivity but 
often limits the scope and generality of the couplings.!
!
Scheme 2.2: Early Diastereoselective Allylic Substitutions with Prochiral Enolates!
!
  !
!
! In 1999, Kazmaier and Zumpe reported a stereospecific coupling of 
enantioenriched allyl acetate 2.5 and an in situ-generated zinc enolate of TFA-protected 
glycine ester 2.6 (Scheme 2.2, eq 3).  Under palladium catalysis with triphenyl 2
phosphine as the ligand, substitution product 2.7 was obtained with high 
diastereoselectivity and conservation of enantiomeric purity and in moderate yield. The 
reaction proceeds with net retention of configuration, indicative of a double inversion 
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during anti-oxidative addition and subsequent outer-sphere attack of the zinc enolate. 
The authors argue that the high diastereoselectivity observed originates from attack 
through a zinc-chelated Z-enolate as seen in 2.8. Facial selectivity was proposed to be 
controlled by the placement of the large tert-butyl ester group away from the bulk of the 
electrophile. A thermodynamic argument was made for the observed regioselectivity in 
which 2.7 was believed to be favored due to the increased stability of the conjugated 
olefin. !
! Soon after the Kazmaier report, Braun and colleagues developed an 
enantioselective variant of the coupling utilizing a chiral bidentate ligand (Scheme 2.2, 
eq 4).  In this example, the Pd-catalyzed coupling of symmetric racemic allyl acetate 3
2.10 and the magnesium enolate of cyclohexanone was carried out with (R)-binap (2.11) 
to give product 2.12 with exceptional enantio- and diastereoselectivity. The coupling was 
not extended to any non-symmetric electrophiles, and required conformationally 
constrained enolate nucleophiles; couplings with open-chained ketones resulted in low 
diastereoselectivity.!
! In 2007, Trost and colleagues reported a moderately diastereoselective 
methodology for the formation of allylic α-hydroxy ketones from enol allyl carbonates 
(Scheme 2.3, eq 5).  With ligand 2.36 (see Scheme 2.6 for structure), α-siloxycarbonyl 4
2.13 (R = TBDMS) underwent decarboxylative allylic substitution to deliver product 2.14 
in high yield and enantioselectivity with an 11:1 diastereomeric ratio. A second 
publication disclosed modifications to the α-hydroxy protecting group on 2.13 (R = OAc) 
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and solvent that allowed significantly increased diastereoselectivity (>95:5) with a 
moderate drop in enantioselectivity. !5
!
Scheme 2.3: Recent Diastereoselective Allylic Substitutions with Enolates!
!
  !
!
! Hou and co-workers have also reported a related but more general regio-, 
diastereo-, and enantioselective coupling of non-symmetric allylic carbonates and in situ-
generated lithium enolates (Scheme 2.3, eq 6).  Under palladium catalysis with 6
ferrocene-based ligand 2.16, a moderate scope of adjacent tertiary center-containing 
carbonyl products such as 2.17 could be obtained in good yield with excellent regio- and 
enantioselectivity and moderate diastereoselectivity. The use of LiCl as an additive had a 
profound effect on regioselectivity. Although the authors do not comment on this 
observation, the addition of chloride salts has been shown beneficial in related allylic 
Ph Me
O [(allyl)PdCl]2 (2.5%)
2.16 (5 %)
LiHMDS, LiCl 
DME, −5 °C
Ph
+
Ph
Me
O Ph
(6)
Fe N
O
P NEt2OR
(Rphos,R)-2.16
83% yield
98:2 regio
9:1 dr
98% ee
TMS
Me
O Ph 2.1880% yield
97:3 regio
19:1 dr
96% ee
Ph2N
Me
O 2.19
73% yield
12:1 dr
95% ee
Ph
Ph OR
O O
O Pd2(dba)3•DCM (2.5%)
2.36 (5.5 %)
Dioxane or DME
23 °C, 16 h
Ph
OR
O
2.17
R = TBDMS
quant. yield
11:1 dr
>99% ee
(5)
2.13 2.14
R = OAc
97% yield
>95:5 dr
96% ee
R = (R)-2-
(2'-hydroxy-
1,1'-binapthol
MeO2CO
2.15
Trost, 2007, 2008
Hou, 2007
Hou, 2010 Hou, 2009
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substitutions and may operate the same way here. In these cases, the chloride is 
thought to facilitate rapid isomerization of the intermediate cationic (allyl)palladium prior 
to outer-sphere attack of the nucleophile, erasing any “memory effects” that might have 
been set during a selective oxidative addition.  In 2010, the group disclosed an improved 7
methodology utilizing acylsilanes to give products of type 2.18 with increased 
diastereoselectivity.  One additional transformation of interest arises when amide-8
derived enolates are employed in the coupling. Surprisingly, these nucleophiles show 
attack at C2 of the intermediate (η3-allyl)Pd(II) to give cyclopropane-containing products 
such as 2.19 in moderate yield and diastereoselectivity but surprisingly high 
enantioselectivity. !9
!
B. Enolate-Equivalent Nucleophiles for Diastereoselective Intermolecular Pd-
Catalyzed Allylic Substitutions!
! In addition to enolates, a handful of Pd-catalyzed asymmetric allylic substitutions 
utilizing other prochiral, stabilized anionic nucleophiles have also been developed over 
the past two decades. In 1995, Baldwin, Williams and Beckett successfully employed 
palladium and the tert-butyl PHOX ligand 2.22 in the coupling of symmetric allyl acetate 
2.21 and imino ester 2.20 (Scheme 2.4, eq 7).  The reaction gave product 2.23 in high 10
yields and enantioselectivities, albeit with only moderate diastereoselectivity. The use of 
the BSA/CsOAc base system [BSA = N,O-bis(trimethylsilyl)acetamide] was necessary 
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for high enantioselectivity. Similar effects have been seen when a BSA/acetate base 
combination was utilized in a Mo-catalyzed allylic substitution; the authors argue that 
there may be some coordination between BSA and the metal center. !11
!
Scheme 2.4: Diastereoselective Allylic Substitutions with Imino Esters!
!
  !
!
! As these products are useful as precursors for unnatural α-alkyl α-amino acids, 
Takemoto and co-workers attempted to develop a more diastereoselective variant of the 
coupling. They hoped to use asymmetric phase-transfer catalysis with cinchona alkaloid-
derived 2.25 to generate a chiral enolate that could be delivered to an intermediate, 
achiral or chiral (η3-allyl)palladium intermediate with high selectivity (Scheme 2.4, eq 
PPh2 N
O
t-Bu(S)-2.22
Ph Ph
OAc
2.21
N CO2t-Bu
Ph Ph
[(allyl)PdCl]2 (2.7%)
2.22 (10 %)
BSA/CsOAc
THF, 20 °C, 10 h Ph Ph
CO2t-BuN
Ph
Ph
2.232.20
89% yield
78:22 dr
97% ee
(7)+
Ph
OAc
2.24
[(allyl)PdCl]2
Ligand
2.25, KOH (aq)
Tol, 0 °C Ph
CO2t-BuN
Ph
Ph
2.26
2.20
w/ (PhO)3P
11% yield
1:2.6 regio
>95% de
85% ee
(8)
N
Ar
N
HO
Cl 2.25
Ar = 9-
anthracene
PPh3
OMe
(R)-2.27
+
w/ 2.27
13% yield
1:5.5 regio
90% de
85% ee
Beckett, 1995
Takemoto, 2002
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8). ,  Although this strategy did deliver product 2.26 with greatly improved 12 13
diastereoselectivity (>95% ds), the reaction showed decreased enantioselectivity. 
Furthermore, the yield of the branched product was significantly lower to poor 
regioselectivity. Unfortunately, the use of chiral ligand (R)-MeO-MOP (2.27) to allow dual 
asymmetric catalysis showed lower diastereoselectivity than with the achiral ligand, with 
an accompanying drop in branched regioselectivity.!
!
Scheme 2.5: Diastereoselective Allylic Substitutions with Nitroalkanes!
!
  !
!
! In 2000, Trost and Surivet reported a related coupling of allyl carbonate 2.28 with 
nitroethane under palladium catalysis with Trost ligand 2.29 (Scheme 2.5, eq 9).  Under 14
Ph
NO2
Me
+
Pd2(dba)3•DCM (3%)
2.32 (6%)
DABCO (1 equiv)
THF/DMSO, 
0 °C, 14 h
95% yield
93:7 regio
94:6 dr
98% eePh
Me NO2
(10)
Me
NO2
Me
+
Pd2(dba)3•DCM (0.25%)
2.29 (0.75%)
TBACl (3 equiv)
BSA (1 equiv)
DCM, 23 °C, 48 h
71% yield
11:1 dr
97% eeMe
Me NO2
(9)
Me
Fe N
O
P NEt2
OR
NH HN
OO
PPh2 Ph2P
(R,R)-2.29 iPr
Me
2.28 2.30
2.33
(Sc,Rphos,Ra)-2.32
R = (R)-2-(2'-hydroxy-
1,1'-binapthol)
(5 equiv)
2.31
MeO2CO
MeO2CO
Trost, 2000
Hou, 2013
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these conditions, the enantioenriched nitroalkane product 2.30 was isolated with good 
diastereoselectivity and high enantioselectivity. Low catalyst loadings and the addition of 
tetrabutylammonium chloride were necessary to effect high selectivity. Although this 
strategy required long reaction times and did not provide high yields, it allowed 
isomerization of the intermediate allyl palladium to overcome the aforementioned 
“memory effects.”!
! Recently, Hou and co-workers have expanded upon this methodology to allow 
use of non-symmetric allyl electrophiles (Scheme 2.5, eq 10).  With ferrocene derived 15
ligand 2.32, the coupling gave 2.33 in high yield with excellent regio-, diastereo-, and 
enantioselectivity. The reaction scope was limited to aromatic, cinnamyl-type 
electrophiles, but was shown to give similarly high selectivities when the electronics of 
the aromatic ring were perturbed or when different alkyl nitroolefins were employed.!
!
Scheme 2.6: Diastereoselective Benzylic Allylations of 2-Ethyl Pyridines!
!
  !
N
Me
+
OPiv
[(allyl)PdCl]2 (2.5%)
2.36 (6%)
dioxane [0.08M] 
25 oC, 12 h
N
Me
LiHMDS (3.0 equiv)
BF3•OEt3 (1.3 equiv)
n-BuLi (1.0 equiv)
2.372.35
85% yield
>19:1 dr
94% ee
(11)
NH HN
OO
PPh2 Ph2P
(S,S)-2.36
Pd
P P
N Me
BF3 2.37
2.34
*
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! In one final example, Trost and Thaisrivongs developed a diastereo- and 
enantioselective coupling of 2-substituted pyridines with allylic pivalate electrophiles 
(Scheme 2.6, eq 11).  The use of anthracenyl Trost ligand 2.36 proved effective, 16
delivering product 2.37 in high selectivity and yield from 2-ethylpyridine and allyl pivalate 
2.35. The authors propose that the high levels of diastereoselectivity originate from 
selective formation of the E-isomer of nucleophile upon deprotonation at the benzylic 
position. As seen in 2.37, this configurational isomer is sterically favored due to 
interactions between the α-methyl group and the Lewis acid coordinated to the anionic 
pyridyl nitrogen. From this complex, ligand-controlled outer-sphere attack will give the 
observed stereoselectivity. Although the reaction was shown tolerant of a variety of 
substituents at the benzylic position of the nucleophile, use of other electrophiles proved 
problematic. Open-chain or non-symmetric allyl pivalates showed an appreciable 
decrease in yield and enantioselectivity as well as poor regioselectivity in some cases. !
! This last example aptly demonstrates many of the advantages and 
disadvantages of current diastereoselective Pd-catalyzed allylic substitutions. Although 
highly selective and efficient for specific classes of nucleophiles or electrophiles, these 
reactions often suffer greatly when applied to a wider scope. In many cases, the reliance 
on specific enolate precursors or electrophile substitution patterns to control regio- and 
stereoselectivity can restrict the synthetic utility of these outer-sphere processes. 
Alternately, the ability to access an inner-sphere process in which allyl fragments are 
isomerizable and the geometry is under catalyst control could greatly broaden the scope 
of allowed coupling partners. In this context, we were confident that the development of 
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a diastereoselective allyl-allyl coupling could provide an important advance in the 
synthesis of adjacent tertiary centers under palladium catalysis.!
!
III. Development of a Diastereoselective Allyl-Allyl Coupling to Deliver 3,4-
Disubstituted Dienes !17
!
A. Initial Results and Reaction Optimization!
! To test the ability of the allyl-allyl coupling to deliver 3,4-disubstituted 1,5-dienes, 
the Pd-catalyzed cross-coupling of cis-crotylB(pin) and carbonate 2.38 was carried out 
with 2,2ʹ-bis(difurylphosphino)-6,6’-dimethoxybiphenyl (MeO(furyl)BIPHEP, MFB, 2.40)  18
as the ligand (Scheme 2.7). Under the conditions presented in equation 12, the reaction 
provided full conversion of 2.38 and delivered product 2.41 with the predicted anti 
diastereoselectivity. This product was formed with excellent enantioselectivity (99:1 er), 
but the reaction gave only moderate diastereoselectivity (4:1) and low yield (14%). This 
low yield was due to the formation of a large amount of ether-containing byproducts, 
consisting primarily of isopropyl-cinnamyl ether 2.44 and a small amount of dicinnamyl 
ether 2.45 as well. !
!
!
!
!
!
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Scheme 2.7: Initial Results and Proposed Origin of Byproduct!
!
  !
!
! As demonstrated in Scheme 2.7, equation 13, the source of byproduct 2.44 was 
easy to identify. Oxidative addition of palladium with 2.38 will form the cationic (η3-
allyl)Pd(II) 2.42 accompanied by loss of the isopropyl carbonate leaving group, which will 
break down into CO2 and isopropoxide.  Instead of activating the allylB(pin) and 19
promoting transmetallation as desired (path a), the alkoxide might undergo an outer-
sphere nucleophilic attack on the intermediate Pd(II) species (path b), outcompeting 
transmetallation and forming 2.44. We were unable to conclusively identify the origin of 
the dicinnamyl ether byproduct (2.45) under the anhydrous reaction conditions, and 
suspect that it either formed upon workup or through an unknown pathway during the 
reaction. As neither 2.44 nor 2.45 were observed in prior allyl-allyl couplings with 
unsubstituted allylB(pin) in place of crotylB(pin), it appears that they are a result of the 
change in nucleophile. In related palladium-catalyzed couplings, allylboron reagents are 
Ph
B(pin)
Pd2(dba)3 (5%)
(R)-MFB (10%)
1.2 equiv
THF, 60 oC, 12 h PhMe
Me
+
O Oi-Pr
O
14% yield
99:1 er (4:1 dr)
b
Pd
P
P
Ph
B(pin)Me
i-PrO
a Oi-Pr Pd
P
PPh
Me
i-PrO Ph
path
a
path
b
(12)
2.44
2.42
2.43
(13)
2.38
2.41 P(fur)2
P(fur)2MeO
MeO
(R)-MeO(furyl)
BIPHEP (MFB)
(R)-2.40
O Ph 2 2.45
*
*
via unknown 
pathway
2.39
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known to undergo an SE2ʹ-transmetallation.  Here, the addition of γ-substitution on 2.39 20
seems to have significantly slowed down this process, allowing background reactions to 
prevail.!
!
Table 2.1: Initial Survey of Electrophiles!
!
  !
!
! To minimize formation of 2.44 and 2.45, initial optimization focused on use of 
bulky allylic carbonates with the hope that a less nucleophilic leaving group would be 
slower to add to the intermediate (η3-allyl)Pd(II) complex (Table 2.1). Comparison of the 
terminal (2.46) and internal (2.47) tert-butyl carbonates (entries 2 and 3) showed 
marginally increased yields compared to the isopropyl carbonate 2.38 (entry 1). These 
2.41
2.39
entry substrate conv (%)a yield (%)b drc
Ph O Ot-Bu
O
Ph
O Ot-Bu
O
Ph
O Oi-Pr
O
Ph O OPh
O
1d
2
3
4
B(pin)
Pd2(dba)3 (5%)
(R)-MFB (10%)
(1.2 equiv)
THF, 60 oC, 14 h Ph
Me
Me
Substrate
58 20 -
48 23 4 : 1
100 14 4 : 1
100 0 -
+
2.38
2.46
2.47
2.48
All reactions run at 0.5 M concentration. a Determined by 1H-NMR. b Isolated yield of purified product. 
c Determined by 1H-MNR or GC analysis. d Run for 18 h.
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low yields were due to both reduced conversion as well as continued ether formation. 
The phenyl carbonate 2.48 (entry 4) proved even more problematic, showing complete 
conversion to the corresponding cinnamyl phenyl ether with no desired product formed.!
!
Table 2.2: Screen of Chiral Small-Bite-Angle Bidentate Phosphine Ligands!
!
  !
!
2.41
B(pin)
(1.2 equiv)
THF, 60 oC, 14 h Ph
Me
MePd2(dba)3 (5%)
Ligand (10%)
entry conv (%)a drc
1
2
3
4e
yield (%)bsubstrate erdligand
Substrate
MeO-BIPHEP Series
(R)-MeO-furyl-BIPHEP
(R)-MeO-phenyl-BIPHEP
(R)-MeO-xylyl-BIPHEP
(R)-Cl-MeO-BIPHEP
2.47 100 25 4:1 99:1
2.47 81 23 5:1 95:5
2.47 100 13 4.1:1 84:16
0 - - -
DUPHOS Series
5e
6
7
(R)-Me-DUPHOS 34 11 3:1 80:20
(R)-Me-DUPHOS
(S)-Et-DUPHOS
2.38 100 44 4:1 91:9
2.38 100 42 3.4:1 8:92
8 (R)-i-Pr-DUPHOS 2.47 100 30 4:1 97:3
Other
9e 2.46 100 32 1:3.2 55:45
10e (R,R)-QuinoxP* 2.46 100 <10 2:1 -
11 (R)-C3-TunePhos 2.47 86 11 2:1 91:9
P(Ar)2
P(Ar)2MeO
MeO
(R)-MeO-aryl-BIPHEP (R,R)-R-Duphos
P P
R
R
R
R
(R,R)-DIOP
(R,R)-DIOP
PPh3
PPh3
O
O
Me
Me PPh2
PPh2O
O
(R)-C3-TunePhos
All reactions run at 0.5 M concentration. a Determined by 1H-NMR. b Isolated yield of purified product. c Determined 
by 1H-MNR or GC analysis. d Determined by GC analysis on a chiral stationary phase. e Reaction run with trans-
crotylB(pin).
2.46
2.46
+
2.39
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! In the hopes of finding another strategy to improve reaction yield and increase 
diastereoselectivity, a survey of commercially available chiral, bidentate phosphine 
ligands with bite angles and electronic properties similar to 2.40 was carried out (Table 
2.2). As this ligand screen was being carried out concurrently with the initial electrophile 
screen, carbonates 2.38, 2.46 and 2.47 were used variably throughout the study. Other 
members of the MeO-BIPHEP ligand series (entries 2-4) were evaluated, but showed no 
advantages over MeO(furyl)BIPHEP 2.40 (entry 1). MeO(phenyl)BIPHEP (entry 2) gave 
the highest yield and diastereoselectivity, but enantioselectivity fell by more than 10%. 
Higher yields due to a reduced production of ether-containing byproducts were observed 
with the DUPHOS series of ligands (entries 5-8), improving to 44% yield with Me-
DUPHOS and the internal isopropyl carbonate 2.38 (entry 6). None of these ligands 
produced diastereoselectivities above 4:1, and only the i-Pr-DUPHOS gave 
enantioselectivity comparable to entry 1 (97:3 er, entry 8). Other classes of ligands 
(entries 9-11) gave no improvement, all resulting in low yields, low diastereoselectivities, 
and poor to good enantioselectivities.!
! With limited success in suppressing the background alkoxide addition by 
modifying the electrophile or the ligand, efforts turned instead to improving the yield by 
increasing the rate of transmetallation. One potential solution would be use of an 
exogenous base that could coordinate to and activate the allylboronate more effectively 
than the alkoxide. To test this strategy, a number of inorganic and amine bases were 
screened in the coupling (Table 2.3). Compared to the reaction without base (entry 1), all 
of the inorganic bases (entries 2-4), as well as triethylamine (entry 5) improved the ratio 
of desired product to ethers. Cesium fluoride (entry 4) proved to be an excellent additive, 
improving the ratio of products to ethers and consequently more than doubling the yield 
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of product. Fluoride is known to be a strong activator of boron, and it appears in this 
case transmetallation of the fluoride-activated allylboron is able to outcompete the 
background reaction to a greater extent. !21
!
Table 2.3: Screen of Base Additives!
!
  !
!
! Addition of an external base obviated the need for electrophiles that would 
generate an alkoxide to activate the allylboron. As a result, additional electrophiles with 
less nucleophilic, non-carbonate leaving groups were studied (Table 2.4). Both internal 
and terminal allylic acetates 2.48 and 2.24 (entries 1 and 2) showed improved yields as 
compared to their carbonate analogues. The acetate group proved far less nucleophilic 
than any of the alkoxide-generating leaving groups, and produced none of the potential 
ester byproducts. The discrepancy between yield and conversion was due instead to 
B(pin)
(1.2 equiv) THF, 60 oC, 14 h
Ph
Me
Me
Ph
Pd2(dba)3 (5%)
(R)-MFB (10%)OBoc
entry conv (%)b yield (%)c
1
2
3
4
pdt:ethersb
base (3.0 equiv)
basea
-
Cs2CO3
K3PO4
CsF
5
6
TEA
Pyridine
100 1 : 3 23
100 1.3 : 1 25
100 1 : 1.5 23
100 13 : 1 61
100 1 : 1.5 27
100 1 : 10 -
All reactions run at 0.5 M concentration. aAll bases used anhydrous or were distilled under N2 
prior to use. b Determined by 1H-NMR. c Isolated yield of purified product. d Determined by 
GC analysis on a chiral stationary phase.
erd
99:1
> 99:1
99:1
> 99:1
-
-
2.47
2.39
2.41
+
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substitution or deprotection of the acetate group during the reaction or workup to give 
the corresponding allylic alcohol. Improvements in both yield and diastereoselectivity 
were observed for cinnamyl bromide (2.49) and cinnamyl chloride (2.50) (entries 3 and 
4), giving a 79% yield for the cinnamyl bromide. Presumably due to a more facile 
oxidative addition with palladium, reactions with allylic halides were able to proceed 
efficiently at room temperature, allowing for improved diastereoselectivity as well.!
!
Table 2.4: Evaluation of Non-Carbonate Electrophiles!
!
  !
!
! Further study indicated that reaction temperature has a noticeable effect on 
diastereoselectivity (Table 2.5). Initial temperature studies run with 2.38 had indicated 
that diastereoselectivity improved from 4.5:1 to >6.2:1 when the temperature was 
Ph O CH3
O
Ph
O CH3
O
Ph Br
Ph Cl
1
2
3c,d
4d
All reactions run at 0.5 M concentration. a Determined by 1H-NMR. b Isolated yield of purified product. 
c 18 h reaction time. d Reaction run at rt .
100 61 4.2 : 1
100 78 3.6 : 1
90 79 5.8 : 1
74 63 6.1 : 1
entry substrate conv (%)a yield (%)b dr
B(pin)
Pd2(dba)3 (5%)
(R)-MFB(10%)
(1.2 equiv)
CsF (3 equiv)
THF, 60 oC, 14 h
PhMe
Me
Substrate +
2.48
2.24
2.49
2.50
2.41
2.39
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lowered from 60 °C to ‑30 °C (entries 1-4). Unfortunately, the conversion suffered as a 
result of the lower temperatures. A similar trend was observed for cinnamyl chloride 
(2.50, entries 5-7); however, lower temperatures were not examined due to the potential 
for long reaction times. Each reaction with cinnamyl chloride also gave excellent 
enantioselectivity independent of temperature.!
!
Table 2.5: Temperature Effects on Selectivity!
!
  !
!
! Encouraged by positive results with catalyst systems being used for related 
couplings in the group, we studied the effects of lower catalyst loadings and varied 
reaction concentrations (Table 2.6). Utilizing the crotylB(pin) homologue 2.51, a slightly 
less reactive nucleophile that we could easily prepare on a large scale, the reaction was 
60
entry temp. (oC) % conva dra ercyield (%)b
B(pin)
(1.2 equiv) THF, temp, 14h
Ph
Me
MePd2(dba)3 (5%)
(R)-MFB (10%)
CsF (3 equiv)
5
6
7
45
25
85 82 4.1:1 >99:1
75 68 5.1:1 >99:1
74 63 6.1:1 >99:1
1
2
3
4
60
25
4
—30
100 75 4.5:1
100 61 5.9:1
58
19
17 6.2:1
2 >6.2:1d
w/ 2.38
w/ 2.50
2.38
or
2.50
+
n.d.
n.d.
n.d.
n.d.
All reactions run at 0.5 M concentration a Determined by 1H-NMR analysis. 
b Isolated yield of purified material. c Determined by GC analysis on a chiral 
stationary phase. d Difficult to quantify due to low isolated yield.
2.41
2.39
 68
shown to be affected by both concentration and catalyst loading.  The coupling at the 22
standard 10% catalyst loading and 0.5 M substrate concentration showed only 66% 
conversion and a 55% yield (entry 1). Lower catalyst loadings gave better results, with 
the best conversions seen at 2.5 and 1.25% loadings and a 0.5 M concentration 
(70-80% conversion, entries 4 and 6). Decreasing the concentration of the reaction had 
an adverse effect, giving lower conversions overall. Higher concentrations were not 
studied due to the proclivity of the reaction to form a thick gel that solidified as it 
progressed, which we anticipated would worsen at higher concentrations.!
!
Table 2.6: Survey of Concentration and Catalyst Loading!
!
  !
!
10
entry cat load (%) conv (%)a yield (%)b
B(pin)
(1.2 equiv) THF, 25 °C, 14 h
Ph
Pd2(dba)3 (0.5X%)
(R)-MFB (X%)
CsF (3 equiv)
1
2
3
5
5
66 54
66 -
61 -
0.5
0.25
0.125
[M]
4 2.5 0.25 73 -
2.55
6
7
1.25
1.25
51 -
80 -
70 -
0.125
0.5
0.25
8 0.625 0.5 49 -
9 0.625 58 -0.25
Me
Me
2.50 + 2.51
a Determined by 1H-NMR analysis. b Isolated yield of purified product.
2.52
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 Here, there was no synthetic advantage to use of 2.51, it was utilized in this survey to avoid 22
excessive use of the more expensive cis-crotylB(pin).
! Although the observation that the reaction improves with lower catalyst loadings 
seems counterintuitive, this result could signal important mechanistic features of the 
system. In related couplings, palladium is known to form off-cycle dimeric structures  or 23
undergo allyl transfer through redox-transmetallation of intermediate (η3-allyl)Pd(II) to 
another Pd(0) complex in solution.  As both of these processes are bimolecular in 24
palladium, they would be more able to compete with allyl-allyl coupling at higher catalyst 
loadings. Alternately, commercially available Pd2(dba)3 is known to contain a significant 
amount (up to 40%) of palladium nanoparticles.  Use of higher catalyst loadings could 25
result in a larger amount of such species, which would create more nucleation sites for 
formation of non-catalytically active palladium black.!
!
Table 2.7: Effects of Cesium Fluoride Equivalents!
!
  !
yieldb (%)
+
10
entry equiv CsF conv (%)a
B(pin)
(1.2 equiv) THF, 25 °C, 14 h
Ph
Me
MePd2(dba)3 (1.25%)(R)-MFB (2.5%)
CsF (X equiv)
1
2
3
5
3
100
100
89
bypdt (%)a
4
7
8
4
1.2 56 6
5
0.2 11 trace
2.50
All reactions run at 0.5 M concentration. a Determined by 1H-NMR analysis. 
b Isolated yield of purified product.
92
-
-
-
-
2.41
2.39
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! Even with the higher conversions seen at lower catalyst loadings, yields still 
suffered due to formation of dicinnamyl ether byproduct 2.45. Thankfully, we found that 
byproduct formation could be suppressed when the coupling was run with increased 
equivalents of cesium fluoride (Table 2.7). Use of the lower catalyst loadings in 
conjunction with ten equivalents of cesium fluoride resulted in full conversion and 
significantly improved yield (92%) (entry 5). Ten equivalents of base proved necessary, 
as both five and three equivalents gave increased amounts of byproduct (entries 3 and 
4).!
!
Scheme 2.8: Optimized Conditions!
!
  !
!
! Overall, careful analysis of the effect of base, electrophile and catalyst 
concentration led to the conditions as seen in Scheme 2.8, eq 14. Compared to the initial 
experiments (Scheme 2.7, eq 12), these conditions allowed for significantly improved 
yields, and showed enhanced diastereo- and enantioselectivity as well.!
!
!
!
!
!
+ B(pin)
(1.2 equiv)
THF [0.5M],
 25 °C, 14 h Ph
Me
Me
Pd2(dba)3 (1.25%)
(R)-MFB (2.5%)
CsF (10 equiv)
2.39Ph
Cl
2.50
2.41
>99:1 er
92% yield
6:1 dr
(14)
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B. Scope of Diastereoselective Allyl-Allyl Couplings!
! With the conditions as described in Section 2.III.A in hand, a rigorous expansion 
of the substrate scope was undertaken. Encouraged by the efficiency of couplings using 
cinnamyl chloride as an electrophile, investigation into other cinnamyl-type substrates 
was completed first (Table 2.8). The reaction was found to be tolerant of both electron-
withdrawing and electron-donating substitution on the aromatic ring. The p-chloro and p-
tolyl substrates 2.53 and 2.55 (entries 2 and 3) gave products 2.54 and 2.56 excellent 
yields and enantioselectivities as well as good diastereoselectivities. In general, 
reactivity decreased with increased electron density in the ring, potentially due to a 
slower reductive elimination. Both the 2,3-dioxymethylene (entry 3) and p-methoxy (entry 
4) substrates 2.57 and 2.59 required elevated reaction temperatures to reach full 
conversion, leading to a decrease in diastereoselectivity for products 2.58 and 2.60. Of 
additional note, the allylic chlorides are readily and cleanly prepared from their 
corresponding allylic alcohols by treatment with thionyl chloride, and were generally 
used in the coupling without further purification.!
!
!
!
!
!
!
!
!
!
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Table 2.8: Scope of Aromatic Allyl Chloride Electrophiles!
!
  !
!
! Coupling of aliphatic electrophiles proved to be a challenge in the 
diastereoselective coupling (Scheme 2.9). Inspired by the preliminary allyl-allyl coupling 
report, QuinoxP* (2.70, See Table 2.9 for structure) was utilized as the ligand for 
coupling with aliphatic chloride 2.61. Unfortunately, the reaction suffered from low yield 
of product 2.62 due to significant amounts of formation of 1,3-diene 2.63. As depicted in 
Me
Cl
Me
Me
Me
O
O
Me
MeO
93 6:1 >99:1
84 5:1 99:1
84 4:1 96:4
96 5:1 >99:1
R product yield (%) dr er
R
Cl
+
Pd2(dba)3 (1.25%)
(R)-MFB (2.5%)
CsF (10 equiv)
THF, rt, 14 h R'
Me
B(pin)Me
entry a
1
2
3b
4b
Cl
Me
MeO
O
O
2.54
2.56
2.58
2.60
2.53
2.55
2.57
2.59
a Unless otherwise noted reactions were run at 0.5 M concentration of the electrophile with 1.2 equivalents of the 
allylboron reagent. Yield refers to isolated yield of purified material. Regioselectivities were greater than 20:1 in all 
cases. Enantiomer ratios were determined by GC, HPLC or SFC analysis on a chiral stationary phase. Diastereomeric 
ratios were determined by 1H-NMR or GC anaylsis. All yields, er, and dr values reported are the average of two or 
more experiments. bReaction run in at 60 °C.
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the bottom half of Scheme 2.9, This byproduct is most likely the result of a β-elimination 
from the intermediate (η1-allyl)Pd(II) complex 2.65. Byproduct formation can occur 
through either a β-hydride elimination by the palladium (path a, eq 16) to give 2.66, or 
general base elimination (path b, eq 17) by fluoride or other basic species in solution to 
give 2.67.!
!
Scheme 2.9: Initial Problems with Aliphatic Allyl Chloride Substrates!
!
  !
!
! Fortunately, projects pertaining to an allyl-allyl coupling route to quaternary 
center-containing 1,5-dienes had found that addition of degassed, deionized water 
helped to reduce 1,3-diene formation for substrate containing a β-hydrogen.  This effect 26
is likely due to the formation (η1-allyl)palladium hydroxo complexes in the presence of 
P
P
+
Pd
H
R
β-H
elim.
General
base 
elim. Pd
R
Pd
H
R
Pd
O
R
H
B(pin)
R
Pd
R
H
B + BH
2.66
2.67
Pd
H
R
HO
2.69
2.68
P P
P P
2.64 2.65
b
a
b
a
n-heptyl
Cl
+
Pd2(dba)3 (1.25%)
(R,R)-2.70 (2.5%)
CsF (10 equiv)
THF, rt, 14h n-heptyl
Me
2.62
23% yield
n-hex
2.63
(15)
2.61
P P P P
P P
B(pin)
(1.2 equiv)
Me
2.39
(16)
(17)
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water under basic conditions.  These complexes can either speed up transmetallation 27
by coordination and activation of the boron nucleophile as in 2.68, or occupy the 
coordination site necessary for β-hydride elimination as in 2.69, outcompeting or slowing 
the side reaction. Additionally, the water could increase the solubility of CsF in the 
reaction medium, providing an additional means to increasing the rate of 
transmetallation.!
!
Table 2.9: Scope of Aliphatic Allyl Chloride Substrates!
!
  !
!
Me
TBSO
Me
Ph
51%
64%
6:1
7:1 96:4
97:3
R
Cl
+
Pd2(dba)3 (2.5%)
(R,R)-2.70 (5%)
CsF (10 equiv)
5:1 THF:H2O
60 °C, 14h R
Me
B(pin)Me
R product yield dr erentry a
1
2
3b
Ph
TBSO
2.72
2.74
N
N P
P
CH3
tBu
CH3
tBu
2.70
(R,R)-QuinoxP*
Me
n-pentyl
67% 7:1 95:5n-pentyl 2.62
2.61
2.71
2.73
a Unless otherwise noted reactions were run at 0.5 M concentration of the electrophile with 1.2 equivalents of the 
allylboron reagent. Yield refers to isolated yield of purified material. Regioselectivities were greater than 20:1 in all 
cases. Enantiomer ratios were determined by GC, HPLC or SFC analysis on a chiral stationary phase. Diastereomeric 
ratios were determined by 1H-NMR or GC anaylsis. All yields, er, and dr values reported are the average of two or 
more experiments. b Reaction run anhydrous in THF.
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! The addition of water proved to be applicable to the diastereoselective couplings 
of aliphatic electrophiles with crotylB(pin) as well (Table 2.9). When the reaction was run 
in a 5:1 THF to water solvent system at 60 °C with slightly higher catalyst loading, 1,5-
diene product 2.62 was now produced in a moderate 67% yield with good enantio- and 
diastereoselectivity (entry 1). The hydrocinnamaldehyde-derived chloride 2.71 performed 
similarly, showing nearly identical yield and diastereoselectivity with slightly increased 
enantioselectivity to give 2.72 (entry 2). Interestingly, the addition of water did not help in 
the reaction of a TBS-protected alcohol substrate (entry 3), suggesting that the oxygen 
on 2.73 might be able to act similarly to hydroxide and coordinate to palladium in an 
intramolecular fashion. The low yields in this experiment were not due to any significant 
1,3-diene formation. Instead, deprotection of the silyl protecting group by the fluoride 
was proposed to be a source of product or starting material decomposition.!
! To expand the general synthetic utility of the coupling, the use of  additional γ-
substituted allylboron reagents was also explored (Table 2.10). In addition to the simple 
crotyl nucleophile 2.39, the reaction was tolerant of longer aliphatic chains (entries 1 and 
2), delivering products 2.52 and 2.76 in excellent enantioselectivities and elevated 
diastereoselectivity. Interestingly, use of an allylboron containing a terminal olefin (2.78) 
resulted in decreased enantioselectivity and yield for product 2.79 (entry 3), suggesting 
that the olefin might coordinate to the palladium during the reaction and disturb 
stereodefinition to some extent.!
!
!
!
!
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Table 2.10: Scope of Substituted Allylboron Reagents!
!
  !
!
Ph
Cl
+ B(pin)
Pd2(dba)3 (2.5%)
(R)-MFB  (5%)
CsF (10 equiv)
THF, rt, 14h Ph
R
R
Ph
Ph
Ph
Ph
TBSO
Ph
EtO2C
(phthal)N
R product yield dr er
3 76 5:1 >99:1
87 10:1 >99:1
10:1 >99:177
80d 14:1 97:3
Ph
Me
81 10:1 >99:1
Ph
54 7:1 92:8
n-heptyl
Ph
71 7:1 >99:1
entrya
1
2
3
4c
5
6
7
E or Z b
Z
Z
Z
Z
Z
E
E
2.52
2.76
2.79
2.81
2.83
2.85
2.87
3
Me
n-hept
Ph
EtO2C 3
TBSO 2
(phthal)N 4
2.51
2.75
2.78
2.80
2.82
2.84
2.86
a Unless otherwise noted reactions were run at 0.5 M concentration of the electrophile with 1.2 equivalents of the 
allylboron reagent. Yield refers to isolated yield of purified material. Regioselectivities were greater than 20:1 unless 
otherwise noted. Enantiomer ratios were determined by GC, HPLC or SFC analysis on a chiral stationary phase. 
Diastereomeric ratios were determined by 1H-NMR or GC anaylsis. All yields, er, and dr values reported are the 
average of two or more experiments. b Major olefin isomer of allylboron as determined by 1H-NMR. c Reaction run at 
60 °C with 2.5% catalyst loading. d Isolated material contains 37% of a regioisomeric mixture of 4:1 branched/linear:all-
linear product.
 77
! The phenyl-substituted allylboron 2.80 showed good reactivity despite the steric 
demands of the coupling, yielding the congested diphenyl product 2.81 with high 
diastereo- and enantioselectivity even at elevated temperatures (entry 4). Unfortunately, 
the regioselectivity of this coupling was lower than in any of the other cases and the 
product mixture isolated contained 37% regioisomeric products. Allylboronates 
containing synthetically useful protected alcohols, amines, and esters were also all 
tolerated (entries 5-7), delivering products 2.83, 2.85 and 2.87 with excellent 
enantioselectivity and moderate to good yield and diastereoselectivity. Overall, these 
larger nucleophiles required slightly elevated catalyst loadings, but otherwise reacted 
smoothly.!
!
Scheme 2.10. Synthesis of E- and Z- Substituted Allylboron Reagents!
!
  !
!
! It is important to note that the reaction was found to be insensitive to the initial 
olefin geometry of the nucleophile; both E- and Z-crotylboronates reacted similarly in the 
reaction. This is an important feature as it allows the use of two complementary and 
highly efficient methodologies for synthesis of the allylboron reagents that have been 
+
R
R
R
or
Ni(cod)2 (2.5%)
PCy3 (2.5%) R B(pin)
Cl
R OAc +
Ni(cod)2 (5%)
PCy3 (5%)
(1.05 equiv) tol, rt, 3 h
(1.0 equiv)
Pd2(dba)3 (0.5%)
R B(pin)
(18)
(19)
B2(pin)2
HB(pin)
+ (1.0 equiv)
B2(pin)2
THF, 60 °C, 12 h
THF, 60 °C, 12 h
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developed in the Morken Lab (Scheme 2.10). Z-Crotylboronates were synthesized 
through a Ni-catalyzed hydroboration of terminal 1,3-dienes, developed by former group 
member Dr. Robert Ely (eq 18).  The E-crotylboronates are formed through a Ni- or Pd-28
catalyzed borylation of allylic chlorides or acetates developed by former group members 
Dr. Ping Zhang and Ian Roundtree (eq 19).  The starting materials for both of these 29
processes are easily prepared from aldehydes in one or two steps, allowing facile 
synthesis of allylboron starting materials containing a number of substitution patterns.!
!
C. Mechanistic Studies and Proposed Stereochemical Model!
! Having developed an effective protocol for the synthesis of a wide range of 3,4-
disubstituted 1,5-dienes, we considered mechanistic aspects of the reaction. Although 
both E- and Z-crotylboronates could be used in the coupling, exact differences in 
reactivity and selectivity were unknown. Consequently, a direct comparison between cis 
and trans crotylB(pin) was undertaken (Scheme 2.11). The experiments showed that 
each of the olefin isomers of 2.39 react with nearly identical enantio- and 
diastereoselectivity (eq 20 and 21). There is a small decrease in yield for the trans 
isomer, attributed to slightly decreased reactivity of the more stable allylboron. 
Mechanistically, the presumed SE2ʹ-transmetallation will give two possible isomers of 
intermediate 2.88; however, both must form the more stable bis(trans-η1-allyl) 
conformation 2.43 prior to the 3,3ʹ-coupling (eq 22). These results suggest that the 
intermediate bis(η1-allyl)palladium must be able to undergo isomerization, ostensibly 
through a 5-coordinate palladium species, prior to reductive elimination.!
!
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Scheme 2.11. Comparison of E- and Z-crotylB(pin)!
!
  !
!
! To learn more about the stereochemical features of the system, a complex of 
MeO(furyl)BIPHEP (MFB, 2.40) bound to palladium dichloride was synthesized in hopes 
of obtaining a crystal structure (Figure 2.1). Related complexes are known to be air-
stable and highly crystalline;  accordingly, a suitable crystal of complex 2.89 was 30
isolated and an x-ray structure obtained. Upon binding to the metal, the C2-symmetric 
(R)-MFB adopts a λ skew orientation as seen in 2.90, causing the furyl rings on the 
phosphorous centers to occupy either pseudoequatorial or pseudoaxial positions. 
Although the pseudoaxial rings sit away from the metal, the two pseudoequatorial furyl 
rings point out over the palladium square plane, blocking the upper left and lower right 
quadrants (simplified in 2.91). We propose that 3,3ʹ-reductive elimination of bis(trans-η1-
allyl) intermediate 2.1 occurs through the chair-like transition state shown in 2.92. Here, 
interactions of the pseudoequatorial rings with carbons 1 and 2 (and 1ʹ and 2ʹ) of the 
Me
B(pin)
Me B(pin)
Ph
Cl
Ph
Me 90% yield
6:1 dr
>99:1 er
81% yield
6:1 dr
>99:1 er
Pd2(dba)3 (1.25%)
(R)-MFB (2.5%)
CsF (10 equiv)
THF, rt, 14 h
+ (20)
(21)
Ph
Cl
Ph
Me
+
Pd
P
PPh
2.43
Me
Pd
P
PPh
Me
2.88
2.41 (22)
cis-2.39
trans-2.39
2.50
2.50
2.41
2.41
Pd2(dba)3 (1.25%)
(R)-MFB  (2.5%)
CsF (10 equiv)
THF, rt, 14 h
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bound allyl fragments dictate the favored conformer of chair-like transition state. This 
model accurately predicts the stereoisomer observed experimentally, and was later 
supported by computational studies on monosubstituted systems (See Section 3.III.D).!
!
Figure 2.1. X-ray Structure of 2.89 and Stereochemical Model!
!
  !
!
!
!
!
!
!
!
P PPd
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R
P
PMeO
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IV. Conclusions!
!
! Through careful optimization, a general, regio-, diastereo-, and enantioselective 
allyl-allyl coupling has been developed. This strategy allows for synthesis of 3,4-
disubstituted 1,5-dienes when both the nucleophile and electrophile are substituted. The 
reaction was tolerant of a variety of substituents on both allylic chloride electrophiles as 
well as γ-substituted E- or Z-allylboron nucleophiles. Crystallographic structural data 
obtained for a ligand-metal complex also allowed guided development of a 
stereochemical model that accurately predicts the stereoisomer of product formed. This 
transformation stands as an important evolution of our group’s prior work in allyl-allyl 
couplings, and also provides entry into 1,5-diene products that are difficult to access by 
alternate methods.!
!
!
!
!
!
!
!
!
!
!
!
!
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V. Experimental!
A. General Information !
1H NMR spectra were recorded on either a Varian Gemini-500 (500 MHz) or a 
Varian Inova-500 (500 MHz) spectrometer. Chemical shifts are reported in ppm with the 
solvent resonance as the internal standard (CDCl3: 7.26 ppm). Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, p = pentet, br = broad, m = multiplet, app = apparent), and coupling constants 
(Hz). Coupling constants are reported to the nearest 0.5 Hz. 13C NMR spectra were 
recorded on either a Varian Gemini-500 (125 MHz) or a Varian Inova-500 (125 MHz) 
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm with 
the solvent resonance as the internal standard (CDCl3: 77.0 ppm). Infrared (IR) spectra 
were recorded on a Bruker alpha spectrophotometer, νmax cm-1. Bands are characterized 
as broad (br), strong (s), medium (m), and weak (w). High resolution mass spectrometry 
(ESI) was performed at the Mass Spectrometry Facility, Boston College. !
Liquid Chromatography was performed using forced flow (flash chromatography) 
on silica gel (SiO2, 230×450 Mesh) purchased from Silicycle. Thin Layer 
Chromatography was performed on 25 μm silica gel plates purchased from Silicycle. 
Visualization was performed using ultraviolet light (254 nm), potassium permanganate 
(KMnO4) in water, ceric ammonium molybdate (CAM) in water, or phosphomolybdic acid 
(PMA) in ethanol. Analytical chiral gas-liquid chromatography (GLC) was performed on a 
Hewlett-Packard 6890 Series chromatograph equipped with a split mode capillary 
injection system, a flame ionization detector, and a Supelco β-Dex 120 column, a 
Supelco Chiraldex G-TA, or a Supelco Asta Chiraldex B-DM with helium as the carrier 
gas. Analytical chiral supercritical fluid chromatography (SFC) was performed on a Thar 
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SFC equipped with a Waters 2998 photodiode array detector and an analytical-2-prep 
column oven with methanol as the modifier. Analytical high performance liquid 
chromatography (HPLC) was performed on an Agilent 1120 compact chromatograph 
equipped with gradient pump and variable wavelength detector. Optical rotations were 
measured on a Rudolph Analytical Research Autopol IV Polarimeter.!
All reactions were conducted in oven- or flame-dried glassware under an inert 
atmosphere of nitrogen or argon. Tetrahydrofuran (THF), dichloromethane (DCM), and 
toluene (PhMe) were purified using a Pure Solv MD-4 solvent purification system from 
Innovative Technology Inc. by passing through two activated alumina columns after 
being purged with argon. Triethylamine was distilled from calcium hydride. Neutral 
alumina (Al2O3, 32-63 μm) was purchased from Sorbent Technologies. Bis(1,5-
cyclooctadiene)nickel(0) [Ni(cod)2], Tris(dibenzylideneacetone) dipalladium(0) 
[Pd2(dba)3], tricyclohexylphosphine (PCy3), 1,2-bis(diphenylphosphino)benzene, (R)-
(+ ) -2 ,2 ′ -b is (d i -2 - fu rany lphosph ino) -6 ,6 ′ -d imethoxy-1 ,1 ′ -b ipheny l [ (R ) -
MeO(furyl)BIPHEP], (S)-(-)-2,2′-bis(di-2-furanylphosphino)-6,6′-dimethoxy-1,1′-biphenyl 
[(S)-MeO(furyl)BIPHEP], and (R,R)-(-)-2,3-Bis(t-butylmethylphosphino)quinoxaline 
[(R,R)-QuinoxP*] were purchased from Strem Chemicals, Inc. Pinacolborane (pinBH) 
was generously donated by BASF. Trans-1,3-pentadiene was purchased from 
ChemSampCo. Bis(pinacolato) diboron [B2(pin)2] was generously donated by Allychem. 
All other reagents were purchased from either Fisher or Aldrich and used without further 
purification.!
!
!
!
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B. Experimental Procedures!
!
1. Preparation and Characterization of Carbonate and Acetate Electrophiles!
Preparation of isopropyl (1-phenylallyl) carbonate (Compound 2.38).!
!
!
! A flame-dried round-bottomed flask equipped with a magnetic stir bar was 
charged with DCM (4.0 mL) followed by allyl benzyl alcohol (200 mg, 1.45 mmol) and 
cooled to 0 °C under a nitrogen atmosphere. Pyridine (173 mg, 0.18 mL, 2.19 mmol) 
was added, and the solution stirred for 5 minutes at 0 °C. Isopropyl chloroformate (2.19 
mL of a 1.0 M solution, 2.19 mmol) was then added dropwise, and the solution allowed 
to stir for one hour at 0 °C. The septa was then quickly changed for a flame-dried reflux 
condenser under a nitrogen atmosphere and the solution was heated to 40 °C for 12 
hours. The reaction was re-cooled to 0 °C and quenched with saturated aqueous 
ammonium chloride (40 mL), poured into a separatory funnel and extracted into 
dichloromethane (3 x 10 mL). The combined organics were dried over magnesium 
sulfate, filtered, and concentrated in vacuo. The crude reaction mixture was purified on 
silica gel (40:1 hexanes:ethyl acetate) to afford a clear, colorless oil (280 mg, 88% yield). 
Rf = 0.40 (20:1 hexanes:ethyl acetate, stain in KMnO4) Spectral data are in accordance 
with the literature. !31
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O O
O
OH
i-PrO Cl
O
+ pyridine
DCM, 40 oC,
12 h
Preparation of cinnamyl phenyl carbonate (Compound 2.48).!
!
!
! From cinnamyl alcohol (1.00 g, 7.45 mmol), the procedure for as described 
above for compound 2.38 was followed with the following modification: the reaction was 
stirred at room temperature overnight under a nitrogen atmosphere without a reflux 
condenser. The crude reaction mixture was purified on silica gel (19:1 hexanes:ethyl 
acetate) to afford a clear, colorless oil (1.75 g, 92% yield). Rf = 0.20 (19:1 hexanes:ethyl 
acetate, stain in KMnO4) Spectral data are in accordance with the literature. !32
!
Preparation of cinnamyl tert-butyl carbonate (Compound 2.46).!
!
  !
!
! A flame-dried round-bottomed flask equipped with a magnetic stir bar was 
charged with THF (30.0 mL) and cinnamyl alcohol (1.34 g, 10.0 mmol) under a nitrogen 
atmosphere. The solution was cooled to −78 °C, and n-butyl lithium (4.8 mL of a 2.1 M 
solution, 10.0 mmol) was added dropwise over a period of 10 minutes, and the solution 
OH
Boc2O (1 equiv)
nBuLi (1 equiv)
THF
-78°C to rt
O O
O
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+ pyridine
DCM, rt
12 h
OH
Cl O
O O O
O
was stirred at −78 °C for 30 min. A separately prepared solution of di-tert-butyl 
dicarbonate (2.18 g, 10.0 mmol) dissolved in THF (5 mL) under a nitrogen atmosphere 
was added dropwise at −78 °C, and the solution was warmed to 0 °C for 2 hours 
followed by gradual warming to room temperature overnight. The reaction was re-cooled 
to 0 °C and quenched with 100 mL of a 3:2 mixture of diethyl ether and ice water, poured 
into a separatory funnel and extracted into diethyl ether (3 x 100 mL). The combined 
organics were dried over magnesium sulfate, filtered, and concentrated in vacuo. The 
crude reaction mixture was purified on silica gel (10:1 pentane:diethyl ether) to afford a 
clear, colorless oil (1.78 g, 76% yield).  Rf = 0.60 (10:1 pentane:diethyl ether, stain in 
KMnO4). Spectral data are in accordance with the literature. !33
!
Preparation of tert-butyl (1-phenylallyl) carbonate (Compound 2.47).!
!
!
! From allyl benzyl alcohol (1.05 g, 7.90 mmol), the procedure as described for 
compound 2.46 above was followed. The crude reaction mixture was purified on silica 
gel (80:1 hexanes:ethyl acetate) to afford a clear, colorless oil (1.29 g, 70% yield).  Rf = 
0.25 (80:1 hexanes:ethyl acetate, stain in KMnO4). Spectral data are in accordance with 
the literature. !34
!
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O O
O
OH Boc2O (1 equiv)
n-BuLi (1 equiv)
THF
- 78 oC to rt
Preparation of 1-phenylallyl acetate (Compound 2.24).!
!
!
! An oven-dried round-bottomed flask equipped with a magnetic stir bar was          
charged with dichloromethane (20.0 mL), allyl benzyl alcohol (500 mg, 3.72 mmol), and 
dimethylamino pyridine (catalytic) under nitrogen atmosphere. The solution was cooled 
to 0 °C and triethylamine (1.13 g, 1.6 mL, 11.2 mmol) was added, followed by dropwise 
addition of acetic anhydride (476 mg, 4.66 mmol). The solution was gradually warmed to 
room temperature and stirred for 12 h. The reaction was concentrated in vacuo, and the 
crude reaction mixture was purified on silica gel (14:1 pentane:diethyl ether) to afford a 
clear, colorless oil (625 mg, 95% yield). Rf = 0.31 (14:1 pentane:diethyl ether, stain in 
KMnO4). Spectral data are in accordance with the literature. !35
!
!
!
!
!
!
!
!
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O
O
OH
Ac2O (1.2 equiv)
TEA (3 equiv)
DMAP (cat)
DCM
0 oC rt, 12 h
2. Preparation and Characterization of Substituted Allyl Chlorides!
!
!
Representative Procedure: An oven-dried round-bottomed flask equipped with a 
magnetic stir bar was charged with dichloromethane (6.0 mL) and 1-(4-
chlorophenyl)prop-2-en-1-ol (228 mg, 1.39 mmol) under nitrogen atmosphere. The 
solution was cooled to 0 °C and thionyl chloride (1.65 g, 13.9 mmol) was added 
dropwise. The solution was stirred at 0 °C for 2 h, then warmed to rt for 1 h. The reaction 
was quenched with ice water, extracted into dichloromethane (3 x 20 mL). The combined 
organics were dried over sodium sulfate, filtered, and concentrated in vacuo to afford a 
clear, colorless oil (155 mg, 99% yield) that was used without further purification.!
!
Preparation of (E)-1-chloro-4-(3-chloroprop-1-en-1-yl)benzene (Compound 2.53). 
From (E)-3-(4-chlorophenyl)prop-2-en-1-ol, synthesized as shown below,  the 36
representative procedure was followed to afford a clear, colorless oil (155 mg, 99% 
yield). Spectral data are in accordance with the literature. !37
  !!Cl
OH
O 1. EtOCOCl, TEA, THF
2. NaBH4, MeOH
75% Cl
OH
SOCl2
DCM, 0 oC
Cl
Cl
99%
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Cl
OH SOCl2
DCM, 0 oC Cl
Cl
Preparation of (E)-1-(3-chloroprop-1-en-1-yl)-4-methylbenzene (Compound 2.55). 
From 1-(p-tolyl)prop-2-en-1-ol, synthesized as shown below, the representative 
procedure was followed, with the following modification: After reaction work-up, the 
crude reaction mixture was dissolved in dichloromethane and stirred over activated 
charcoal, then filtered through celite and concentrated in vacuo to afford a clear, 
colorless oil (428 mg, 95% yield). Spectral data are in accordance with the literature.32!
!
  !!
!
Preparation of (E)-5-(3-chloroprop-1-en-1-yl)benzo[d][1,3]dioxole (Compound 
2.57). From (E)-3-(benzo[d][1,2]dioxol-5-yl)prop-2-en-1-ol, synthesized as shown below, 
the representative procedure was followed.!
!
  !
!
(E)-5-(3-chloroprop-1-en-1-yl)benzo[d][1,3]dioxole 
(Compound 2.57). 1H NMR (500 MHz, CDCl3): δ 4.22 (2H, dd, 
J = 7.5 Hz, 1.0 Hz), 5.96 (2H, s), 6.15 (1H, dt, J = 15.5 Hz, 7.5 
Hz), 6.56 (1H, d, J = 15.5 Hz), 6.76 (1H, d, J = 8.0 Hz), 6.82 (1H, dd, J = 8.5 Hz, 2.0 Hz), 
6.93 (1H, d, J = 1.5 Hz);  13C NMR (125 MHz, CDCl3): δ 45.6, 101.2, 105.9, 108.3, 
121.7, 123.1, 130.3, 133.9, 147.8, 148.1;  IR (neat): 1500 (m), 1490 (m), 1447 (m), 1246 
(s), 1194 (m), 1100 (m), 1037 (s), 966 (m), 929 (m), 862 (w), 798 (s), 780 (w), 670 (m), 
OH
Me
MgBr
THF, 0 oC to rt
89%
O
Me
H
SOCl2
DCM, 0 oC
Me
Cl
95%
OHO
O
O 1. EtOCOCl, TEA, THF
2. NaBH4, MeOH
71%
OHO
O
SOCl2
DCM, 0 oC
O
O
Cl
99%
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600 (m) cm-1;  HRMS-(ESI+) for C10H10ClO2 [M+H]: calculated: 197.0369, found: 
197.0374. Upon drying the crude reaction mixture with sodium sulfate, filtration of the 
solution, and concentration of the mixture in vacuo, a viscous yellow oil was obtained 
(163 mg, 99% yield), and was used in the allyl-allyl coupling reaction without further 
purification.!
!
Preparation of (E)-1-(3-chloroprop-1-en-1-yl)-4-methoxybenzene (Compound 2.59. 
From 1-(4-methoxyphenyl)prop-2-en-1-ol, synthesized as shown below, the 
representative procedure was followed to afford a clear, colorless oil (265 mg, 
quantitative yield). Spectral data are in accordance with the literature.32!
!
!!
!
Preparation of (E)-1-chlorodec-2-ene (Compound 2.61). From commercially available 
(E)-dec-2-en-1-ol, the representative procedure was followed.!
!
(E)-1-chlorodec-2-ene  (Compound 2.61). 1H NMR 
(500 MHz, CDCl3): δ 0.88 (3H, t, J = 7.0 Hz), 1.26-1.31 
(8H, m), 1.39 (2H, app t, J = 7.0 Hz), 2.09-2.13 (2H, m), 4.10 (2H, dd, J = 6.5 Hz, 3.0 
Hz), 5.63 (2H, m);  13C NMR (125 MHz, CDCl3): δ 14.1, 22.6, 27.1, 29.1, 29.2, 29.3, 
31.8, 39.6, 125.1, 135.6;  IR (neat): 3026 (w), 2957 (m), 2925 (s), 2885 (m), 1652 (w), 
1459 (m), 1378 (w), 1250 (m), 757 (s), 724 (m), 676 (w) cm-1. The crude reaction mixture 
OH
MeO
MgBr
THF, 0 oC to rt
88%
O
MeO
H
SOCl2
DCM, 0 oC
MeO
Cl
> 99%
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was purified on neutral alumina (pentane) to afford a clear, colorless oil (419 mg, 89% 
yield). Rf = 0.86 (pentane, stain in KMnO4).!
!
Preparation of (E)-(5-chloropent-1-en-1-yl)benzene (Compound 2.71). From 5-
phenylpent-1-en-3-ol, synthesized as shown below, the representative procedure was 
followed, with the following modification:  The crude reaction mixture was purified on 
neutral alumina (pentane) to afford a clear, colorless oil (406 mg, 91% yield). Spectral 
data are in accordance with the literature. !38
!
  !
!
Preparation of (Z)-tert-butyl((4-chlorobut-2-en-1-yl)oxy)diphenylsilane (Compound 
2.73). From (Z)-4-((tert-butyldiphenylsilyl)oxy)but-2-en-1-ol, synthesized as shown 
below, the representative procedure was followed, with the following modification:  An 
oven-dried round-bottomed flask equipped with a magnetic stir bar was charged with 
dichloromethane (20.0 mL), distilled triethylamine (341 mg, 0.47 mL, 3.52 mmol), and 
(Z)-4-((tert-butyldiphenylsilyl)oxy)but-2-en-1-ol (1.00 g, 3.06 mmol) under nitrogen 
atmosphere. The solution was cooled to 0 °C and thionyl chloride (0.24 mL, 3.4 mmol) 
was added dropwise. The solution was warmed to rt and stirred for 1 h. The reaction was 
quenched with ice water, then extracted into dichloromethane (3 x 20 mL). The mixture 
was dried over sodium sulfate, filtered, and concentrated in vacuo. The crude mixture 
Cl
OHMgBr
THF, 0 oC to rt
79%
O
H
SOCl2
DCM, 0 oC
91%
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was purified on a 1” pad of neutral alumina (20:1 pentane:diethyl ether) to afford a clear, 
colorless oil (978 mg, 93% yield).!
!
  !
!
(Z)-tert-butyl((4-chlorobut-2-en-1-yl)oxy)diphenylsilane 
(Compound 2.73). 1H NMR (500 MHz, CDCl3): δ 1.06 (9H, s), 
3.96 (2H, dd, J = 7.0 Hz, 0.5 Hz), 4.30 (2H, dd, J = 6.0 Hz, 1.5 Hz), 5.65 (1H, dtt, J = 
11.0 Hz, 8.0 Hz, 1.5 Hz), 5.78 (1H, dtt, J = 11.0 Hz, 6.0 Hz, 1.0 Hz), 7.39-7.46 (6H, m), 
7.69 (4H, dd, J = 8.0 Hz, 1.5 Hz);  13C NMR (125 MHz, CDCl3): δ 19.1, 26.7, 39.3, 59.9, 
126.2, 127.7, 129.7, 133.28, 133.34, 135.5;  IR (neat): 3071 (w), 2958 (m), 2931 (m), 
2858 (m), 1472 (w), 1428 (m), 1391 (w), 1361 (w), 1256 (w), 1110 (s), 1072 (m), 998 (w), 
941 (w), 823 (m), 740 (m), 701 (s), 613 (m), 505 (s), 490 (m) cm-1;  HRMS-(ESI+) for 
C20H26ClOSi [M+H]: calculated: 345.1441, found: 345.1427. The crude reaction mixture 
was purified on neutral alumina (20:1 pentane:diethyl ether) to afford a clear, colorless 
oil (978 mg, 93% yield). Rf = 0.73 (5:1 pentane:diethyl ether, stain in KMnO4).!
!
!
!
!
!
!
!
!
TBDPSO OHHO OH
1. NaH, THF, 0 oC to rt
2. TBDPS-Cl, rt
90 %
SOCl2, TEA
DCM, 0 oC
93%
TBDPSO Cl
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3. Preparation and Characterization of Substituted Allyl Boron Reagents!
!
  !
!
Representative Procedure A:28  An oven-dried scintillation vial equipped with a 
magnetic stir bar was charged with bis(1,5-cyclooctadiene)nickel(0) (15.0 mg, 60.0 
μmol), tricyclohexylphosphine (16.0 mg, 55.0 μmol), and toluene (4.4 mL) in a dry-box 
under argon atmosphere. The vial was capped and stirred for two minutes, then (E)-ethyl 
hepta-4,6-dienoate (340 mg, 2.21 mmol) was added, followed by pinacolborane (296 
mg, 2.32 mmol). The vial was capped with a teflon cone-lined cap, sealed with electrical 
tape, removed from the dry-box, and allowed to stir at rt for 2 h. The reaction was 
concentrated in vacuo, and the crude reaction mixture was purified on silica gel (20:1 
pentane:diethyl ether) to afford a clear, colorless oil (474 mg, 76% yield). Rf = 0.38 (15:1 
pentane:diethyl ether, stain in CAM).!
!
  !
!
Representative Procedure B:29  An oven-dried scintillation vial equipped with a 
magnetic stir bar was charged with bis(1,5-cyclooctadiene)nickel(0) (82.0 mg, 0.300 
mmol), tricyclohexylphosphine (83.0 mg, 0.300 mmol), and tetrahydrofuran (3.0 mL) in a 
dry box under argon atmosphere. The vial was capped and stirred for two minutes, then 
(E)-octa-2,7-dien-1-yl acetate (500 mg, 2.97 mmol) was added, followed by 
bis(pinacolato)diboron (754 mg, 2.97 mmol). The vial was capped with a teflon cone-
B(pin)
EtO2C+ (pin)BH
(1.05 equiv)
Ni(cod)2 (2.5 mol %)
PCy3 (2.5 mol %), PhMe, rt
EtO2C
OAc + B2(pin)2
Ni(cod)2 (10 mol %)
PCy3 (10 mol %)
THF, 60 oC
B(pin)
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lined cap, sealed with electrical tape, removed from the dry-box, and was heated to 60 
°C and allowed to stir for 36 h. At this time, the reaction was concentrated in vacuo. The 
crude reaction mixture was purified on silica gel (pentane, ramped gradually to 20:1 
pentane:diethyl ether) to afford a clear, colorless oil (349 mg, 50% yield). Rf = 0.43 (25:1 
pentane:diethyl ether, stain in CAM).!
!
  !
!
Representative Procedure C:29  An oven-dried scintillation vial equipped with a 
magnetic st ir bar was charged with Pd2(dba)3 (18.0 mg, 20.0 μmol), 
bis(pinacolato)diboron (1.02 g, 4.02 mmol), and tetrahydrofuran (2.0 mL) in a dry-box 
under argon atmosphere. The vial was capped and stirred for two minutes, then 
cinnamyl chloride (610 mg, 4.00 mmol) was added. The vial was capped with a teflon 
cone-lined cap, sealed with electrical tape, removed from the dry box, and was heated to 
60 °C and allowed to stir for 12 h. At this time, the reaction was concentrated in vacuo. 
The crude reaction mixture was purified on silica gel (50:1 pentane:diethyl ether) to 
afford a clear, colorless oil (627 mg, 65% yield). Rf = 0.44 (50:1 pentane:diethyl ether, 
stain in KMnO4).!
!
Preparation of (Z)-4,4,5,5-tetramethyl-2-(pent-2-en-1-yl)-1,3,2-dioxaborolane 
(Compound 2.51). From commercially available trans-1,3-pentadiene, representative 
procedure A was followed.!
!
!
B(pin)Cl + B2(pin)2
Pd2(dba)3 (0.5 mol %)
THF (2.0 M), 60 oC, 12h
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(Z)-4,4,5,5-tetramethyl-2-(pent-2-en-1-yl)-1,3,2-dioxaborolane 
(Compound 2.51). 1H NMR (500 MHz, CDCl3): δ 0.96 (3H, t, J = 
7.5 Hz), 1.25 (12H, s), 1.67 (2H, d, J = 8.0 Hz), 2.03 (2H, app pd, J = 7.5 Hz, 1.0 Hz), 
5.36-5.41 (1H, m), 5.43-5.49 (1H, m);  13C NMR (125 MHz, CDCl3): δ 14.1, 20.3, 24.7, 
83.2, 123.4, 131.6;  IR (neat): 2977 (m), 2934 (w), 2875 (w), 1463 (w), 1371 (w), 1322 
(s), 1273 (w), 1214 (w), 1165 (w), 1144 (s), 1112 (w), 966 (m), 887 (w), 848 (m), 738 (w), 
672 (w) cm-1;  HRMS-(ESI+) for C11H22BO2 [M+H]: calculated: 197.1713, found: 
197.1718. The crude reaction mixture was purified on si l ica gel (1:1 
pentane:dichloromethane) to afford a clear, colorless oil (711 mg, 83% yield). Rf = 0.58 
(1:1 pentane:dichloromethane, stain in CAM).!
!
Preparation of (Z)-2-(dec-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(Compound 2.75). This compound was prepared following literature procedure, and 
spectral data is in accordance with reported values. !39
!
Preparation of (E)-4,4,5,5-tetramethyl-2-(octa-2,7-dien-1-yl)-1,3,2-dioxaborolane 
(Compound 2.78). From (E)-octa-2,7,-dien-1-yl acetate, synthesized as shown below, 
representative procedure B was followed.!
!
  !
!
!
!
OH
+ Ac2O
DMAP, TEA
DCM
97% OAc
Rep. Proc. B
50% B(pin)
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(E)-4,4,5,5-tetramethyl-2-(octa-2,7-dien-1-yl)-1,3,2-
dioxaborolane (Compound 2.78). 1H NMR (500 MHz, 
CDCl3): δ 1.24 (12H, s), 1.43 (2H, app p, J = 7.5 Hz), 1.64 (2H, d, J = 7.0 Hz), 1.97-2.06 
(4H, m), 4.91-4.95 (1H, m), 4.99 (1H, app dq, J = 17.0 Hz, 2.0 Hz), 5.34-5.48 (2H, m), 
5.80 (1H, app ddt, J = 17.0 Hz, 10.5 Hz, 6.5 Hz);  13C NMR (125 MHz, CDCl3): δ 24.7, 
28.8, 32.1, 33.2, 83.1, 114.3, 125.2, 130.5, 139.0;  IR (neat): 2978 (m), 2927 (w), 2857 
(w), 1640 (w), 1369 (m), 1323 (s), 1272 (w), 1214 (w), 1144 (s), 967 (m), 909 (w), 883 
(w), 847 (w), 673 (w) cm-1;  HRMS-(ESI+) for C14H26BO2 [M+H]: calculated: 237.2026, 
found: 237.2036. The crude reaction mixture was purified on silica gel (pentane, ramped 
gradually to 20:1 pentane:diethyl ether) to afford a clear, colorless oil (349 mg, 50% 
yield). Rf = 0.43 (25:1 pentane:diethyl ether, stain in CAM).!
!
Preparation of 2-cinnamyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (Compound 
2.80). From commercially available cinnamyl chloride, procedure C was followed. 
Spectral data are in accordance with reported values. !40
!
!
!
!
!
!
!
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Preparation of (Z)-tert-butyldimethyl((5-(4,4,5,5-tetramethyl-1,3,2-dioxaboronlan-2-
yl)pent-3-en-1-yl)oxy)silane (Compound 2.82). From (E)-tert-butyldimethyl(penta-2,4-
dien-1-yloxy)silane, synthesized as shown below, representative procedure A was 
followed.!
!
  !
!
(Z)-tert-butyldimethyl((5-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)pent-3-en-1-yl)oxy)silane (Compound 
2.82). 1H NMR (500 MHz, CDCl3): δ 0.05 (6H, s), 0.89 (9H, s), 1.24 (12H, s), 1.69 (2H, 
d, J = 8.0 Hz), 2.27 (2H, app qd, J = 7.0 Hz, 1.5 Hz), 3.60 (2H, t, J = 7.0 Hz), 5.39 (1H, 
dtt, J = 10.5 Hz, 7.0 Hz, 1.5 Hz), 5.57 (1H, dtt, J = 10.5 Hz, 8.0 Hz, 1.5 Hz);  13C NMR 
(125 MHz, CDCl3): δ -5.24, 18.4, 24.8, 26.0, 31.0, 62.9, 83.2, 125.5, 126.1;  IR (neat): 
2978 (w), 2955 (w), 2929 (m), 2857 (m), 1718 (w), 1471 (w), 1379 (m), 1371 (m), 1326 
(s), 1254 (m), 1215 (w), 1144 (s), 1097 (s), 1006 (w), 968 (w), 936 (w), 884 (w), 835 (s), 
775 (s), 743 (w), 664 (w) cm-1;  HRMS-(ESI+) for C17H36BO3Si [M+H]: calculated: 
327.2527, found: 327.2527. The crude reaction mixture was purified on silica gel (25:1 
hexanes:ethyl acetate) to afford a clear, colorless oil (326 mg, 66% yield). Rf = 0.24 (20:1 
pentane:diethyl ether, stain in CAM).!
!
!
!
O
H
Ph3P
O
OMe
+
DCM
35% OMe
O DIBAL-H
DCM, 0 oC
96%
OH
TBSCl, imidazole
DCM
81%
OTBS
Rep. Proc. A
66% B(pin)
TBSO
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Preparation of (Z)-2-(7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hept-5-en-1-
yl)isoindoline-1,3-dione (Compound 2.84). From (E)-2-(hepta-4,6-dien-1-
yl)isoindoline-1,3-dione,28 synthesized as shown below, representative procedure A was 
followed.!
!
  !
!
(Z)-2-(7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)hept-5-en-1-yl)isoindoline-1,3-dione (Compound 
2.84). 1H NMR (500 MHz, CDCl3): δ 1.22 (12H, s), 
1.37-1.43 (2H, m), 1.65 (2H, d, J = 7.0 Hz), 1.65-1.71 
(2H, m), 2.06 (2H, app q, J = 7.5 Hz), 3.67 (2H, t, J = 7.5 Hz), 5.34 (1H, dtt, J = 10.5 Hz, 
7.0 Hz, 1.5 Hz), 5.47 (1H, dtt, J = 10.5 Hz, 8.0 Hz, 1.5 Hz), 7.69 (2H, dd, J = 5.0 Hz, 3.0 
Hz), 7.83 (2H, dd, J = 5.5 Hz, 3.0 Hz);  13C NMR (125 MHz, CDCl3): δ 24.7, 26.5, 26.8, 
28.2, 38.0, 83.2, 123.1, 124.7, 129.1, 132.2, 133.8, 168.4;  IR (neat): 2977 (w), 2934 (w), 
2862 (w), 1772 (w), 1712 (s), 1467 (w), 1437 (w), 1395 (m), 1370 (m), 1326 (m), 1144 
(m), 1109 (w), 1040 (w), 847 (w), 720 (m), 530 (w) cm-1;  HRMS-(ESI+) for C21H29BNO4 
[M+H]: calculated: 370.2190, found: 370.2182. The crude reaction mixture was purified 
on silica gel (4:1 pentane:diethyl ether) to afford a clear, light yellow oil (71 mg, 46% 
yield). Rf = 0.34 (3:1 pentane:diethyl ether, stain in CAM).!
!
!
B(pin)N
O
O
O
OEt
DIBAL-H
DCM, 0 oC
quantitative
OH
TsCl, DABCO
DCM
78%
OTs DMF, 100 oC
94%
18-crown-6 N
O
O
Rep. Proc. A
46%
potassium phthalimide
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Preparation of (Z)-ethyl 7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hept-5-
enoate (Compound 2.86). From (E)-ethyl hepta-4,5-dienoate, synthesized as shown 
below,  representative procedure A was followed.!41
!
  !
!
(Z)-ethyl 7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)hept-5-enoate (Compound 2.86). 1H NMR (500 MHz, 
CDCl3): δ 1.23 (12H, s), 1.24 (3H, t, J = 7.0 Hz), 1.65 (2H, d, J = 8.0 Hz), 1.68 (2H, app 
p, J = 7.5 Hz), 2.06 (2H, app q, J = 7.0 Hz), 2.29 (2H, t, J = 7.5 Hz), 4.11 (2H, q, J = 7.0 
Hz), 5.35 (1H, dtt, J = 10.5 Hz, 7.0 Hz, 1.5 Hz), 5.53 (1H, dtt, J = 10.5 Hz, 8.0 Hz, 1.5 
Hz);  13C NMR (125 MHz, CDCl3): δ 14.2, 24.7, 24.8, 26.4, 33.8, 60.1, 83.2, 125.3, 
128.5, 173.7;  IR (neat): 2979 (m), 2934 (w), 1735 (s), 1448 (w), 1371 (m), 1326 (s), 
1273 (w), 1241 (w), 1215 (w), 1165 (m), 1144 (s), 1110 (w), 1033 (w), 968 (w), 881 (w), 
847 (m), 737 (w) cm-1;  HRMS-(ESI+) for C15H28BO4 [M+H]: calculated: 283.2081, found: 
283.2091. The crude reaction mixture was purified on silica gel (20:1 pentane:diethyl 
ether) to afford a clear, colorless oil (474 mg, 76% yield). Rf = 0.38 (15:1 pentane:diethyl 
ether, stain in CAM).!
!
!
!
!
B(pin)
EtO2C
O
OEt
OH + (EtO)3CMe OH
O
Me (10 mol %)
PhMe, 110 oC
76%
Rep. Proc. A
76%
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4. Experimental Procedures for Diastereoselective Allyl-Allyl Coupling!
!
  !
!
Representative Procedure A:  An oven-dried two-dram vial equipped with magnetic stir 
bar was charged with Pd2(dba)3 (1.1 mg, 1.3 μmol), (R)-MeO(furyl)BIPHEP (1.4 mg, 2.5 
μmol), and THF (0.2 mL) in a dry-box under argon atmosphere. The vial was capped 
and stirred for five minutes, then cinnamyl chloride (15.3 mg, 0.100 mmol) was added, 
followed by cesium fluoride (152 mg, 1.00 mmol), and cis-crotylboronic acid pinacol 
ester (21.8 mg, 0.120 mmol). The vial was sealed, removed from the dry-box, and 
allowed to stir at ambient temperature for 14 h. After this time, the reaction mixture was 
diluted with diethyl ether, filtered through a plug of silica gel and concentrated in vacuo. 
The crude reaction mixture was purified on silica gel (pentane) to afford a clear, colorless 
oil (15.6 mg, 90% yield). Rf = 0.56 (pentane, stain in PMA).!
!
  !!
Representative Procedure B:  An oven-dried two-dram vial equipped with a magnetic 
stir bar was charged with Pd2(dba)3 (2.3 mg, 2.5 μmol), (R,R)-QuinoxP* (1.7 mg, 5.0 
μmol), and THF (0.2 mL) in a dry-box under an argon atmosphere. The vial was capped 
and stirred for five minutes, then (E)-(5-chloropent-3-en-1-yl)benzene (18.0 mg, 0.100 
mmol) was added, followed by cesium fluoride (152 mg, 1.00 mmol), and cis-
Cl
Me B(pin)
+
Pd2(dba)3 (1.25 mol %)
(R)-MeO(furyl)BIPHEP (2.5 mol %)
CsF (10 equiv), THF (0.5 M), rt
Me
Ph Cl Me B(pin)
+
Pd2(dba)3 (2.5 mol %)
(R,R)-QuinoxP* (5.0 mol %)
CsF (10 equiv)
THF:H2O (5:1), 60 oC
Me
Ph(1.2 equiv)
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crotylboronic acid pinacol ester (21.8 mg, 0.120 mmol). The vial was sealed with a 
rubber septum, removed from the dry box, and put under nitrogen atmosphere. Then 40 
μL of deoxygenated water was added, the septum was replaced with a screw cap, and 
the reaction was heated to 60 °C and allowed to stir for 14 h. After this time, the reaction 
mixture was diluted with diethyl ether, filtered through a plug of silica gel and 
concentrated in vacuo. The crude reaction mixture was purified on silica gel (pentane) to 
afford a clear, colorless oil (12.9 mg, 64% yield). Rf = 0.63 (pentane, stain in PMA).!
!
5. Characterization of Products and Analysis of Stereochemistry!
!
((3R,4R)-4-methylhexa-1,5-dien-3-yl)benzene (Compound 2.41). The 
title compound was prepared via representative procedure A for allyl-
allyl coupling. 1H NMR (500 MHz, CDCl3): δ 0.88 (3H, d, J = 6.5 Hz), 
2.53 (1H, br app hextet, J = 8.0 Hz), 3.08 (1H, app t, J = 8.0 Hz), 4.97 
(1H, ddd, J = 14.5 Hz, 2.0 Hz, 1.0 Hz), 4.99 (1H, ddd, J = 4.5 Hz, 1.5 Hz, 0.5 Hz), 
5.02-5.04 (2H, m) 5.77 (1H, ddd, J = 16.5 Hz, 11.0 Hz, 8.0 Hz), 6.01 (1H, ddd, J = 17.0 
Hz, 10.0 Hz, 8.5 Hz), 7.16-7.22 (3H, m), 7.30 (2H, app tt, J = 7.0 Hz, 1.5 Hz);  13C NMR 
(125 MHz, CDCl3): δ 18.6, 42.8, 56.3, 114.0, 115.3, 126.2, 128.1, 128.3, 140.6, 142.5, 
143.4;  IR (neat): 3077 (w), 3028 (w), 2963 (m), 2931 (w), 2874 (w), 1639 (w), 1601 (w), 
1494 (m), 1453 (w), 1418 (w), 1379 (w), 1073 (w), 1030 (w), 993 (m), 911 (s), 757 (w), 
727 (m), 699 (s), 525 (w) cm-1;  HRMS-(ESI+) for C13H17 [M+H]: calculated: 173.1330, 
found: 173.1337. [α]22D = +36.0 (c = 0.36, CHCl3, from (R)-MeO(furyl)BIPHEP). The 
crude reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil 
(15.6 mg, 90% yield). Rf = 0.56 (pentane, stain in PMA).!
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Analysis of Stereochemistry:!
! Enantioselectivity was determined by GLC analysis of the title compound as 
compared to racemic material, prepared by using 1,2-bis(diphenylphosphino)benzene as 
the achiral ligand in the allyl-allyl coupling reaction. The absolute stereochemistry was 
assigned as shown below.!
!
Chiral GLC (CD-BDM, Supelco, 50 °C for 20 min, ramp 2.5 °C/min to 160 °C for 10 min, 
20 psi) - analysis of title compound.!
!
                !
  !
  !
!
!
!
!
!
!
!
                 Racemic Sample                                             Enantioenriched Sample
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Proof of Stereochemistry:!
! Absolute stereochemistry was determined by subjecting the allyl-allyl coupling 
product to a ozonolysis and reduction to afford a 1,4-diol for HPLC analysis, as shown 
below. The resulting diol was compared to authentic (2R,3S)-2-methyl-3-
phenylbutane-1,4-diol, prepared by diboration, homologation, and oxidation of β-
methylstyrene as shown below using chiral HPLC analysis. !42
!
  !
  !
!
Chiral HPLC (OD-R, Chiralcel, 0.25 mL/min, 3.0% isopropanol, 217 nm) - analysis of 
1,4-diol!
!
                           !
                                   !
Me
1. O3, DCM/MeOH, -78 oC
2. NaBH4
OH
OHMe
= Me
OH
OH
Me
1. B2(cat)2 (1.1 equiv)
(nbd)Rh(acac) (5 mol %)
(S)-Quinap (5 mol %), THF, 24h
2. pinacol, 4Å MS
Me
B(pin)
B(pin)
1. CH2BrCl, nBuLi
THF, -78 oC
2. H2O2, NaOH
Me
OH
OH
                 Racemic Diol                            
Diol from Allyl-Allyl 
Coupling Product
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  !
  !
               !
                      !
!
((3R,4R)-4-ethylhexa-1,5-dien-3-yl)benzene (Compound 2.52). The 
title compound was prepared via representative procedure A for allyl-
allyl coupling, with the following modification: 2.5 mol % Pd2(dba)3 and 
5.0 mol % (R)-MeO(furyl)BIPHEP were used. 1H NMR (500 MHz, 
CDCl3): δ 0.79 (3H, td, J = 7.0 Hz, 1.0 Hz), 1.10 (1H, app ddt, J = 16.5 Hz, 14.0 Hz, 6.5 
Hz), 1.35 (1H, app ddq, J = 7.5 Hz, 3.5 Hz, 1.0 Hz), 2.25 (1H, app dq, J = 9.0 Hz, 4.0 
Hz), 3.19 (1H, app t, J = 8.5 Hz), 4.94 (1H, app dt, J = 13.0 Hz, 1.0 Hz), 4.97 (1H, app 
dt, J = 13.0 Hz, 1.0 Hz), 5.01 (1H, app dt, J = 10.5 Hz, 1.0 Hz), 5.08 (1H, dd, J = 10.0 
Co-Injection of Racemic and !
Enantioenriched Diol from Allyl-Allyl 
Coupling Product
     Diol from Diboration Product                            
Co-Injection of Racemic and !
Enantioenriched Diol from 
Diboration Product
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Hz, 1.5 Hz), 5.50 (1H, dtd, J = 17.5 Hz, 10.0 Hz, 1.0 Hz), 6.00 (1H, dtd, J = 17.5 Hz, 9.5 
Hz, 1.0 Hz), 7.17-7.21 (3H, m), 7.30 (2H, t, J = 7.5 Hz);  13C NMR (125 MHz, CDCl3): δ 
11.6, 25.2, 51.1, 54.8, 115.1, 116.0, 126.1, 128.1, 128.3, 140.7, 140.8, 143.5;  IR (neat): 
3078 (m), 3028 (w), 2974 (m), 2927 (w), 2886 (w), 1639 (m), 1601 (w), 1493 (m), 1453 
(w), 1416 (w), 1372 (w), 1072 (w), 1030 (m), 992 (w), 911 (s), 758 (m), 722 (w), 670 (s), 
527 (w) cm-1;  HRMS-(ESI+) for C14H19 [M+H]: calculated: 187.1487, found: 187.1487. 
[α]22D = +63.1 (c = 0.41, CHCl3, from (R)-MeO(furyl)BIPHEP). The crude reaction mixture 
was purified on silica gel (pentane) to afford a clear, colorless oil (22.6 mg, 81% yield). Rf 
= 0.49 (pentane, stain in PMA).!
!
Analysis of Stereochemistry:!
! The title compound was subjected to ozonolysis and reduction to afford the 1,4-
diol for SFC analysis, as depicted below. The analogous racemic material was prepared 
via the same route, using 1,2-bis(diphenylphosphino)benzene as the achiral ligand in the 
allyl-allyl coupling reaction. The absolute stereochemistry was assigned by analogy to 
compounds 2.41 and 2.81.!
!
!
  !
!
!
!
!
1. O3, DCM/MeOH, -78 oC
2. NaBH4
OH
OHMe Me
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Chiral SFC (AD-H, Chiralpak, total absorbance, 5.0 mL/min, 2.0% MeOH, 100 bar, 35 
°C) - analysis of 1,4-diol.!
!
!
                          !
  !
  !
!
  !
  !
!
                 Racemic Sample                                     Enantioenriched Sample
Co-Injection of Racemic and !
Enantioenriched Samples
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1-chloro-4-((3R,4R)-4-methylhexa-1,5-dien-3-yl)benzene 
(Compound 2.54). The title compound was prepared via 
representative procedure A for allyl-allyl coupling. 1H NMR (500 
MHz, CDCl3): δ 0.88 (3H, d, J = 7.0 Hz), 2.49 (1H, br app hextet, J = 
7.5 Hz), 3.07 (1H, app t, J = 8.0 Hz), 4.94-5.08 (4H, m), 5.74 (1H, ddd, J = 17.0 Hz, 10.0 
Hz, 7.5 Hz), 5.97 (1H, ddd, J = 17.0 Hz, 10.0 Hz, 8.5 Hz), 7.09-7.12 (2H, m), 7.26-7.28 
(2H, m);  13C NMR (125 MHz, CDCl3): δ 18.5, 42.8, 55.5, 114.4, 115.8, 128.5, 129.5, 
131.8, 140.0, 141.8, 142.0;  IR (neat): 3079 (w), 2975 (w), 2926 (w), 1639 (m), 1491 (s), 
1455 (w), 1406 (w), 1373 (s), 1299 (w), 1092 (s), 1015 (m), 992 (m), 913 (s), 817 (m), 
726 (w), 680 (w), 625 (w), 562 (w), 524 (w) cm-1;  HRMS-(ESI+) for C13H16Cl [M+H]: 
calculated: 207.0941, found: 207.0948. [α]22D = +97.7 (c = 0.67, CHCl3, from (R)-
MeO(furyl)BIPHEP). The crude reaction mixture was purified on silica gel (pentane) to 
afford a clear, colorless oil (19.9 mg, 96% yield). Rf = 0.76 (pentane, stain in PMA).!
!
Analysis of Stereochemistry:!
! Enantioselectivity was determined by GLC analysis of the title compound as 
compared to racemic material, prepared by using 1,2-bis(diphenylphosphino)benzene as 
the achiral ligand in the allyl-allyl coupling reaction. The absolute stereochemistry was 
assigned by analogy to compounds 2.41 and 2.81.!
!
!
!
!
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Chiral GLC (CD-BDM, Supelco, 50 °C for 10 min, ramp 5 °C/min to 160 °C for 60 min, 
20 psi) - analysis of title compound.!
!
               !
  !
  !
!
1-methyl-4-((3R,4R)-4-methylhexa-1,5-dien-3-yl)benzene 
(Compound 2.56). The title compound was prepared via 
representative procedure A for allyl-allyl coupling. 1H NMR (500 
MHz, CDCl3): δ 0.88 (3H, dd, J = 7.0 Hz, 1.0 Hz), 2.32 (3H, s), 2.51 
(1H, br app hextet, J = 7.5 Hz), 3.07 (1H, app t, J = 8.0 Hz), 4.84-5.05 (4H, m), 5.77 (1H, 
dddd, J = 17.5 Hz, 10.5 Hz, 9.0 Hz, 1.0 Hz), 5.99 (1H, dddd, J = 17.0 Hz, 10.0 Hz, 9.0 
Hz, 1.0 Hz), 7.04-7.12 (4H, m);  13C NMR (125 MHz, CDCl3): δ 18.6, 21.0, 42.7, 55.9, 
113.9, 115.1, 127.9, 129.0, 135.6, 140.3, 140.8, 142.7;  IR (neat): 3077 (w), 2974 (m), 
2961 (m), 2924 (w), 2868 (w), 1638 (m), 1513 (m), 1455 (w), 1416 (w), 1372 (w), 1110 
(w), 992 (m), 911 (s), 810 (m), 722 (w), 528 (w) cm-1;  HRMS-(ESI+) for C14H19 [M+H]: 
calculated: 187.1487, found: 187.1479. [α]22D = +114 (c = 0.57, CHCl3, from (R)-
                 Racemic Sample                                             Enantioenriched Sample
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MeO(furyl)BIPHEP). The crude reaction mixture was purified on silica gel (pentane) to 
afford a clear, colorless oil (17.4 mg, 93% yield). Rf = 0.60 (pentane, stain in PMA).!
!
Analysis of Stereochemistry:!
! Enantioselectivity was determined by GLC analysis of the title compound as 
compared to racemic material, prepared by using 1,2-bis(diphenylphosphino)benzene as 
the achiral ligand in the allyl-allyl coupling reaction. The absolute stereochemistry was 
assigned by analogy to compounds 2.41 and 2.81.!
!
Chiral GLC (CD-BDM, Supelco, 50 °C for 10 min, ramp 5 °C/min to 160 °C for 10 min, 
20 psi) - analysis title compound.!
!
               !
  !
  !
!
!
                 Racemic Sample                                       Enantioenriched Sample
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5-((3R,4R)-4-methylhexa-1,5-dien-3-yl)benzo[d][1,3]dioxole 
(Compound 2.57). The title compound was prepared via 
representative procedure A for allyl-allyl coupling, with the following 
modification: the reaction was run at 60 °C. 1H NMR (500 MHz, 
CDCl3): δ 0.88 (3H, d, J = 6.5 Hz), 2.45 (1H, br app hextet, J = 7.5 Hz), 3.00 (1H, app t, 
J = 8.5 Hz), 4.94-5.05 (4H, m), 5.71-5.79 (1H, m), 5.91-5.98 (1H, m), 5.93 (2H, s), 6.62 
(1H, ddd, J = 7.5 Hz, 1.5 Hz, 0.5 Hz), 6.68 (1H, d, J = 2.0 Hz), 6.74 (1H, d, J = 7.5 Hz); 
13C NMR (125 MHz, CDCl3): δ 18.5, 42.9, 55.9, 100.8, 108.0, 108.1, 108.3, 114.0, 115.2, 
121.1, 131.3, 140.6, 142.5, 147.6;  IR (neat): 3076 (w), 2974 (w), 2924 (w), 2891 (m), 
1638 (w), 1504 (m), 1487 (s), 1441 (m), 1041 (s), 994 (w), 934 (m), 914 (m), 816 (w), 
808 (m), 686 (w) cm-1;  HRMS-(ESI+) for C14H17O2 [M+H]: calculated: 217.1229, found: 
217.1239. [α]22D = +75.8 (c = 0.49, CHCl3, from (R)-MeO(furyl)BIPHEP). The crude 
reaction mixture was purified on silica gel (50:1 pentane:diethyl ether) to afford a clear, 
colorless oil (18.2 mg, 84% yield). Rf = 0.67 (50:1 pentane:diethyl ether, stain in PMA).!
!
Analysis of Stereochemistry:!
! Enantioselectivity was determined by GLC analysis of the title compound as 
compared to racemic material, prepared by using 1,2-bis(diphenylphosphino)benzene as 
the achiral ligand in the allyl-allyl coupling reaction. The absolute stereochemistry was 
assigned by analogy to compounds 2.41 and 2.81.!
!
!
!
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Chiral GLC (CD-BDM, Supelco, 50 °C for 10 min, ramp 5 °C/min to 160 °C for 10 min, 
20 psi) - analysis of title compound.!
!
               !
  !
  !
!
!
1-methoxy-4-((3R,4R)-4-methylhexa-1,5-dien-3-yl)benzene 
(Compound 2.57). The title compound was prepared via 
representative procedure A for allyl-allyl coupling, with the 
following modification: the reaction was run at 60 °C. 1H NMR 
(500 MHz, CDCl3): δ 0.86 (3H, d, J = 6.5 Hz), 2.49 (1H, br app hextet, J = 7.0 Hz), 3.04 
(1H, app t, J = 8.0 Hz), 3.79 (3H, s), 4.93-5.05 (4H, m), 5.31-5.78 (1H, m), 5.99 (1H, ddd, 
J =  10.5 Hz, 8.5 Hz, 2.0 Hz), 6.82-6.86 (2H, m), 7.06-7.13 (2H, m);  13C NMR (125 MHz, 
CDCl3): δ 18.5, 42.9, 55.2, 55.3, 113.8, 113.9, 115.0, 115.1, 129.0, 135.4, 140.7, 140.9; 
IR (neat): 3076 (w), 2959 (w), 2932 (m), 2835 (w), 1638 (w), 1610 (m), 1583 (w), 1510 
(s), 1464 (w), 1302 (w), 1245 (s), 1178 (m), 1107 (w), 1037 (m), 993 (m), 910 (s), 824 
(m), 778 (w), 678 (w), 648 (w), 540 (w) cm-1;  HRMS-(ESI+) for C14H19O [M+H]: 
                 Racemic Sample                                       Enantioenriched Sample
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calculated: 203.1436, found: 203.1441. [α]22D = +96.2 (c = 1.84, CHCl3, from (R)-
MeO(furyl)BIPHEP). The crude reaction mixture was purified on silica gel (50:1 
pentane:diethyl ether) to afford a clear, colorless oil (17.1 mg, 84% yield). Rf = 0.84 (50:1 
pentane:diethyl ether, stain in PMA).!
!
Analysis of Stereochemistry:!
! Enantioselectivity was determined by GLC analysis of the title compound as 
compared to racemic material, prepared by using 1,2-bis(diphenylphosphino)benzene as 
the achiral ligand in the allyl-allyl coupling reaction. The absolute stereochemistry was 
assigned by analogy to compounds 2.41 and 2.81.!
!
Chiral GLC (CD-BDM, Supelco, 50 °C for 10 min, ramp 2.5 °C/min to 160 °C for 10 min, 
20 psi) - analysis of title compound.!
       !
  !
  !
!
!
!
                 Racemic Sample                                       Enantioenriched Sample
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(3R,4R)-3-methyl-4-vinylundec-1-ene (Compound 2.62). 
The title compound was prepared via representative 
procedure B for allyl-allyl coupling. 1H NMR (500 MHz, 
CDCl3): δ 0.88 (3H, t, J = 6.5 Hz), 0.97 (3H, dd, J = 6.5 Hz, 0.5 Hz), 1.19-1.39 (12H, m), 
1.90 (1H, app heptet, J = 4.5 Hz), 2.20 (1H, app hextet, J = 7.0 Hz), 4.92-4.94 (1H, m), 
4.95-4.97 (2H, m), 5.01 (1H, dd, J = 10.5 Hz, 2.0 Hz), 5.45 (1H, app dt, J = 17.0 Hz, 10.0 
Hz), 5.73 (1H, dddd, J = 17.0 Hz, 10.5 Hz, 8.0 Hz, 0.5 Hz);  13C NMR (125 MHz, CDCl3): 
δ 14.1, 17.7, 22.7, 27.5, 29.3, 29.7, 31.9, 32.0, 41.6, 49.5, 113.7, 115.4, 140.6, 141.9;  IR 
(neat): 2958 (m), 2924 (s), 2854 (m), 1462 (w), 911 (w), 455 (w) cm-1;  HRMS-(ESI+) for 
C14H27 [M+H]: calculated: 195.2112, found: 195.2114. [α]22D = -3.14 (c = 0.45, CHCl3, 
from (R,R)-QuinoxP*). The crude reaction mixture was purified on silica gel (pentane) to 
afford a clear, colorless oil (13.1 mg, 67% yield). Rf = 0.95 (pentane, stain in PMA).!
!
Analysis of Stereochemistry:!
! Enantioselectivity was determined by GLC analysis of the title compound as 
compared to racemic material, prepared by using 1,2-bis(diphenylphosphino)benzene as 
the achiral ligand in the allyl-allyl coupling reaction. The absolute stereochemistry was 
assigned by analogy to compounds 2.41 and 2.81.!
!!!!!!!!!!
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Chiral GLC (CD-BDM, Supelco, 50 °C for 10 min, ramp 0.25 °C/min to 80 °C for 80 min, 
20 psi) - analysis of title compound.!
!
               !
  !
  !
!
  !
  !
!
!
!
!
!
                 Racemic Sample                                       Enantioenriched Sample
Co-Injection of Racemic and !
Enantioenriched Samples
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((3R,4R)-4-methyl-3-vinylhex-5-en-1-yl)benzene (Compound 2.71). 
The title compound was prepared via representative procedure B for 
allyl-allyl coupling. 1H NMR (500 MHz, CDCl3): δ 0.98 (3H, d, J = 7.0 
Hz), 1.54-1.62 (1H, m), 1.72 (1H, app dtd, J = 17.5 Hz, 6.5 Hz, 4.0 Hz), 1.99 (1H, app 
heptet, J = 5.0 Hz), 2.21-2.27 (1H, m), 2.49 (1H, ddd, J = 13.5 Hz, 10.5 Hz, 6.5 Hz), 2.65 
(1H, ddd, J = 14.0 Hz, 10.5 Hz, 5.0 Hz), 4.94-5.03 (3H, m), 5.11 (1H, dd, J = 10.0 Hz, 2.0 
Hz), 5.61 (1H, app dt, J = 17.5 Hz, 10.0 Hz), 5.72 (1H, ddd, J = 16.5 Hz, 11.0 Hz, 8.0 
Hz), 7.15-7.18 (2H, m), 7.25-7.29 (3H, m);  13C NMR (125 MHz, CDCl3): δ 17.7, 33.8, 
34.0, 41.7, 49.0, 114.0, 116.2, 125.6, 128.2, 128.2, 128.4, 139.9, 141.6;  IR (neat): 3075 
(w), 3027 (w), 3000 (w), 2962 (m), 2925 (m), 2865 (m), 1639 (w), 1604 (w), 1496 (m), 
1454 (m), 1422 (w), 1373 (w), 1030 (w), 996 (m), 912 (s), 748 (m), 698 (s) cm-1;  HRMS-
(ESI+) for C15H21 [M+H]: calculated: 201.1643, found: 201.1645. [α]22D = +9.59 (c = 0.63, 
CHCl3, from (R,R)-QuinoxP*). The crude reaction mixture was purified on silica gel 
(pentane) to afford a clear, colorless oil (12.9 mg, 64% yield). Rf = 0.63 (pentane, stain in 
PMA).!
!
Analysis of Stereochemistry:!
! The title compound was subjected to ozonolysis and reduction to afford the 1,4-
diol for SFC analysis, as depicted below. The analogous racemic material was prepared 
via the same route, using 1,2-bis(diphenylphosphino)benzene as the achiral ligand in the 
allyl-allyl coupling reaction. The absolute stereochemistry was assigned by analogy to 
compounds 2.41 and 2.81.!
!
  !Ph
Me 1. O3, DCM/MeOH, -78 oC
2. NaBH4 OH
OHMe
Ph
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Chiral SFC (OJ-H, Chiralpak, total absorbance, 3.0 mL/min, 2.0% MeOH, 100 bar, 35 
°C) - analysis of 1,4-diol.!
                             !
  !
  !
!
!
t e r t - b u t y l ( ( ( 2R , 3R ) - 3 - m e t h y l - 2 - v i n y l p e n t - 4 - e n - 1 -
yl)oxy)diphenylsilane (Compound 2.74). The title compound was 
prepared via representative procedure A for allyl-allyl coupling, with 
the following modification: 2.5 mol % Pd2(dba)3 and 5.0 mol % (R,R)-QuinoxP* were 
used, and the reaction was run at 60°C. 1H NMR (500 MHz, CDCl3): δ 0.99 (3H, d, J = 
7.0 Hz), 1.06 (9H, s), 2.18-2.21 (1H, m), 2.58 (1H, app q, J = 5.0 Hz), 3.61 (1H, dd, J = 
10.0 Hz, 6.0 Hz), 3.65 (1H, dd, J = 10.0 Hz, 7.0 Hz), 4.95-5.03 (3H, m), 5.06 (1H, dd, J = 
10.5 Hz, 2.0 Hz), 5.61 (1H, ddd, J = 17.0 Hz, 10.0 Hz, 9.0 Hz), 5.70 (1H, ddd, J = 17.0 
Hz, 10.5 Hz, 8.0 Hz), 7.33-7.45 (6H, m), 7.66-7.68 (4H, m);  13C NMR (125 MHz, CDCl3): 
δ 18.0, 19.3, 26.0, 26.9, 27.3, 37.4, 51.8, 65.2, 114.3, 116.9, 127.2, 127.6, 127.9, 129.3, 
129.5, 130.2, 134.4, 135.6, 137.2, 141.2;  IR (neat): 3072 (w), 3050 (w), 2960 (m), 2931 
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(m), 2892 (w), 2858 (m), 1472 (w), 1428 (m), 1390 (w), 1361 (w), 1111 (s), 1027 (w), 998 
(m), 915 (m), 822 (m), 739 (m), 701 (s), 613 (m), 505 (s), 487 (m) cm-1;  HRMS-(ESI+) 
for C24H33OSi [M+H]: calculated: 365.2301, found: 365.2291. [α]22D = +9.91 (c = 1.07, 
CHCl3, from (R,R)-QuinoxP*). The crude reaction mixture was purified on silica gel 
(pentane) to afford a clear, colorless oil (27.9 mg, 51% yield). Rf = 0.64 (45:1 
pentane:diethyl ether, stain in KMnO4).!
!
!
Analysis of Stereochemistry:!
! The title compound was subjected to cross metathesis and reduction to afford the 
diol for HPLC analysis, as depicted below. The analogous racemic material was 
prepared via the same route, using 1,2-bis(diphenylphosphino)benzene as the achiral 
ligand in the allyl-allyl coupling reaction. The absolute stereochemistry was assigned by 
analogy to compounds 2.41 and 2.81.!
!
  !
!
!
!
!
!
!
!
Me
TBDPSO
HG2 (10 mol %)
DCM
42 %
Me
TBDPSO
CO2Et
CO2Et
DIBAL-H
DCM, 0 oC
76%
Me
TBDPSO
OH
OH
CO2Et
 118
Chiral HPLC (OD-H, Chiralcel, 2.5 mL/min, 0.5% isopropanol, 220 nm) - analysis of diol.!
!
                    !
  !
  !
!
!
((3R,4R)-4-vinylundec-1-en-3-yl)benzene (Compound 
2.76). The title compound was prepared via representative 
procedure A for allyl-allyl coupling, with the following 
modification: 2.5 mol % Pd2(dba)3 and 5.0 mol % (R)-
MeO(furyl)BIPHEP were used. 1H NMR (500 MHz, CDCl3): δ 0.86 (3H, t, J = 6.5 Hz), 
1.07-1.28 (12H, m),  2.33 (1H, app dq, J = 9.0 Hz, 3.0 Hz), 3.17 (1H, app t, J = 8.5 Hz), 
4.92-4.97 (2H, m), 5.01 (1H, ddd, J = 10.5 Hz, 2.0 Hz, 1.0 Hz), 5.06 (1H, dd, J = 10.5 
Hz, 2.0 Hz), 5.55 (1H, ddd, J = 17.0 Hz, 10.0 Hz, 9.0 Hz), 5.99 (1H, ddd, J = 17.0 Hz, 
10.5 Hz, 8.5 Hz), 7.16-7.28 (3H, m), 7.30 (2H, app t, J = 7.5 Hz);  13C NMR (125 MHz, 
CDCl3): δ 14.1, 22.6, 27.0, 29.2, 29.4, 31.8, 32.3, 49.2, 55.0, 115.1, 115.8, 126.1, 128.1, 
128.3, 140.7, 141.0, 143.5;  IR (neat): 3077 (w), 2977 (m), 2928 (m), 1733 (s), 1638 (w), 
1452 (w), 1419 (w), 1372 (w), 1246 (w), 1164 (m), 1115 (w), 1031 (w), 994 (w), 913 (m), 
                 Racemic Sample                                       Enantioenriched Sample
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H3C
759 (w), 729 (w), 701 (s) cm-1;  HRMS-(ESI+) for C19H29 [M+H]: calculated: 257.2269, 
found: 257.2276. [α]22D = -53.0 (c = 0.87, CHCl3, from (S)-MeO(furyl)BIPHEP). The 
crude reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil 
(27.3 mg, 71% yield). Rf = 0.43 (pentane, stain in PMA).!
!
Analysis of Stereochemistry:!
! The title compound was subjected to ozonolysis and reduction to afford the 1,4-
diol for HPLC analysis, as depicted below. The analogous racemic material was 
prepared via the same route, using 1,2-bis(diphenylphosphino)benzene as the achiral 
ligand in the allyl-allyl coupling reaction. The absolute stereochemistry was assigned by 
analogy to compounds 2.41 and 2.81.!
!
!
!
  !
!
!
!
!
!
!
!
!
1. O3, DCM/MeOH, -78 oC
2. NaBH4
Me
OH
OHMe
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Chiral HPLC (OJ-H, Chiralcel, 0.5 mL/min, 5.0% isopropanol, 217 nm) - analysis of 1,4-
diol.!
       !
  !
  !
!
  !
  !
!
!
!
!
!
                 Racemic Sample                                Enantioenriched Sample
Co-Injection of Racemic and !
Enantioenriched Samples
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((3R,4R)-4-vinylnona-1,8-dien-3-yl)benzene (Compound 2.79). 
The title compound was prepared via representative procedure A 
for allyl-allyl coupling, with the following modification: 2.5 mol % 
Pd2(dba)3 and 5.0 mol % (R)-MeO(furyl)BIPHEP were used. 1H 
NMR (500 MHz, CDCl3): δ 1.10-1.17 (1H, m), 1.19-1.33 (2H, m), 1.36-1.44 (1H, m), 
1.86-1.92 (1H, m), 1.94-2.01 (1H, m), 2.34 (1H, app qd, J = 9.5 Hz, 3.5 Hz), 3.17 (1H, 
app t, J = 8.5 Hz), 4.88 (1H, app dp, J = 10.5 Hz, 1.0 Hz), 4.90-4.94 (3H, m), 5.02 (1H, 
dd, J = 10.0 Hz, 1.5 Hz), 5.07 (1H, dd, J = 10.0 Hz, 2.0 Hz), 5.55 (1H, ddd, J = 17.5 Hz, 
10.5 Hz, 9.5 Hz), 5.72 (1H, app ddt, J = 17.0 Hz, 10.0 Hz, 6.5 Hz), 5.99 (1H, ddd, J = 
17.0 Hz, 10.0 Hz, 8.5 Hz), 7.16-7.21 (3H, m), 7.30 (2H, app t, J = 7.5 Hz);  13C NMR 
(125 MHz, CDCl3): δ 26.4, 31.9, 33.6, 49.1, 55.0, 114.2, 115.2, 116.0, 126.1, 128.1, 
128.3, 138.9, 140.6, 140.8, 143.4;  IR (neat): 3076 (w), 2976 (w), 2927 (m), 2856 (w), 
1639 (m), 1494 (w), 1452 (w), 1417 (w), 993 (m), 966 (w), 911 (s), 759 (m), 700 (s) cm-1; 
HRMS-(ESI+) for C17H23 [M+H]: calculated: 227.1800, found: 227.1809. [α]22D = -59.6 (c 
= 0.39, CHCl3, from (S)-MeO(furyl)BIPHEP). The crude reaction mixture was purified on 
silica gel (pentane) to afford a clear, colorless oil (18.3 mg, 54% yield). Rf = 0.39 
(pentane, stain in PMA).!
!
Analysis of Stereochemistry:!
! The title compound was treated with Hoveyda-Grubbs second generation 
catalyst to afford the ring closing metathesis product for GC analysis, as depicted below. 
The analogous racemic material was prepared via the same route, using 1,2-
bis(diphenylphosphino)benzene as the achiral ligand in the allyl-allyl coupling reaction. 
The absolute stereochemistry was assigned by analogy to compounds 2.41 and 2.81.!
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!  !
!
Chiral GLC (β-dex, Supelco, 135 °C, 20 psi) - analysis of the metathesis product.!
!
               !
  !
  !
!
((R)-1-((R)-cyclohex-2-en-1-yl)allyl)benzene. 1H NMR (500 MHz, 
CDCl3): δ 1.09-1.16 (1H, m), 1.41-1.50 (2H, m), 1.66-1.70 (1H, m), 
1.95-1.99 (2H, m), 2.42-2.47 (1H, m), 3.04 (1H, app t, J = 9.0 Hz), 
5.05-5.10 (2H, m), 5.73-5.80 (2H, m), 6.02 (1H, ddd, J = 17.0 Hz, 10.0 
Hz, 9.0 Hz), 7.17-7.21 (3H, m), 7.30 (2H, J = 7.5 Hz);  13C NMR (125 MHz, CDCl3): δ 
21.6, 25.4, 27.7, 39.7, 56.2, 115.6, 126.1, 127.8, 128.1, 128.4, 129.5, 140.6, 143.7;  IR 
(neat): 3025 (w), 2924 (s), 2857 (m), 1713 (w), 1492 (w), 1452 (w), 992 (w), 968 (w), 915 
HG2 (5 mol %)
DCM, 2h, rt
                 Racemic Sample                                    Enantioenriched Sample
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(m), 758 (w), 724 (m), 700 (s) cm-1;  HRMS-(ESI+) for C15H19 [M+H]: calculated: 
199.1487, found: 199.1485. [α]22D = -12.4 (c = 0.32, CHCl3, from (S)-MeO(furyl)BIPHEP). 
The crude reaction mixture was purified on silica gel (pentane) to afford a clear, colorless 
oil (10.1 mg, 62% yield). Rf = 0.50 (pentane, stain in KMnO4).!
!
!
(3R,4R)-hexa-1,5-diene-3,4-diyldibenzene (Compound 2.81). The title 
compound was prepared via representative procedure A for allyl-allyl 
coupling, with the following modification: the reaction was run at 60 °C. 
1H NMR (500 MHz, CDCl3): δ 3.64 (2H, dd, J = 8.0 Hz, 5.5 Hz), 5.04 (2H, 
ddd, J = 17.0 Hz, 1.5 Hz, 0.5 Hz), 5.11 (2H, ddd, J = 10.5 Hz, 1.5 Hz, 0.5 Hz), 6.06-6.17 
(2H, m), 7.02-7.37 (10H, m);  13C NMR (125 MHz, CDCl3): δ 55.8, 115.8, 126.0, 128.1, 
128.2, 140.5, 142.6;  IR (neat): 3080 (w), 3062 (w), 3027 (m), 2922 (w), 1637 (w), 1600 
(w), 1494 (m), 1452 (m), 1073 (w), 990 (w), 965 (w), 915 (m), 756 (m), 698 (s), 515 (w) 
cm-1;  HRMS-(ESI+) for C18H19 [M+H]: calculated: 235.1489, found: 235.1481. [α]22D = 
+54.2 (c = 0.55, CHCl3, from (R)-MeO(furyl)BIPHEP). The crude reaction mixture was 
purified on silica gel (pentane) to afford a clear, colorless oil (18.8 mg, 80% yield). Rf = 
0.13 (pentane, stain in KMnO4).!
!
Proof of Stereochemistry:!
! The title compound was subjected to ozonolysis and reduction to afford the 1,4-
diol for SFC analysis, as depicted below. The analogous racemic material was prepared 
via the same route, using 1,2-bis(diphenylphosphino)benzene as the achiral ligand in the 
allyl-allyl coupling reaction. To determine the absolute stereochemistry, the optical 
 124
rotation of the 1,4-diol derived from the allyl-allyl coupling product ([α]20D = -42.144 (c = 
0.34, CHCl3, from (R)-MeO(furyl)BIPHEP)) was compared to the rotation of authentic 
(2R,3R)-2,3-diphenylbutane-1,4-diol ([α]25D = -48.2 (c = 0.249, CHCl3)) as previously 
reported in the literature. !43
!
  !
!
Chiral SFC (AD-H, Chiralpak, total absorbance, 5.0 mL/min, 5.0% MeOH, 100 bar, 35 
°C) - analysis of 1,4-diol.!
               !
  !
  !
!
!
!
Ph
Ph 1. O3, DCM/MeOH, -78 oC
2. NaBH4 OH
OH
Ph
Ph
                 Racemic Sample                                             Enantioenriched Sample
 125
 Periasamy, M.; Ramani, G.; Muthukumaragopal, G. P. Synthesis 2009, 10, 1739.43
tert-butyldimethyl(((3R,4R)-4-phenyl-3-vinylhex-5-en-1-
yl)oxy)silane (Compound 2.83). The title compound was prepared 
via representative procedure A for allyl-allyl coupling, with the 
following modification:  2.5 mol % Pd2(dba)3 and 5.0 mol % (R)-
MeO(furyl)BIPHEP were used. 1H NMR (500 MHz, CDCl3): δ -0.04 (3H, s), -0.02 (3H, s), 
0.86 (9H, s), 1.25-1.32 (1H, m), 1.53-1.60 (1H, m), 2.55 (1H, app dq, J = 10.0 Hz, 3.5 
Hz), 3.19 (1H, app t, J = 8.5 Hz), 3.46-3.50 (1H, m), 3.57 (1H, ddd, J = 10.0 Hz, 7.5 Hz, 
4.5 Hz), 4.94-4.95 (1H, m), 4.97-4.98 (1H, m), 5.02 (1H, app dq, J = 10.0 Hz, 1.0 Hz), 
5.07 (1H, dd, J = 10.5 Hz, 2.0 Hz), 5.55 (1H, ddd, J = 17.5 Hz, 10.5 Hz, 9.5 Hz), 5.98 
(1H, ddd, J = 17.5 Hz, 10.5 Hz, 9.0 Hz), 7.16-7.20 (3H, m), 7.29 (2H, app t, J = 7.0 Hz); 
13C NMR (125 MHz, CDCl3): δ -5.4, -5.3, 18.2, 25.9, 35.2, 45.3, 54.8, 60.8, 115.3, 116.2, 
126.2, 128.2, 128.3, 140.4, 140.6, 143.1;  IR (neat): 2954 (m), 2928 (m), 2894 (w), 2857 
(m), 1472 (m), 1418 (w), 1388 (w), 1361 (w), 1255 (s), 1099 (s), 994 (w), 938 (w), 913 
(m), 835 (s), 775 (s), 758 (w), 725 (w), 699 (m) cm-1;  HRMS-(ESI+) for C20H33OSi [M
+H]: calculated: 317.2301, found: 317.2296. [α]22D = -40.4 (c = 1.87, CHCl3, from (S)-
MeO(furyl)BIPHEP). The crude reaction mixture was purified on silica gel (100:1 
pentane:diethyl ether) to afford a clear, colorless oil (41.3 mg, 87% yield). Rf = 0.48 (50:1 
pentane:diethyl ether, stain in PMA).!
!
Analysis of Stereochemistry:!
! The title compound was subjected to TBAF-mediated deprotection of the silyl 
ether to afford the primary alcohol for HPLC analysis, as depicted below. The analogous 
r a c e m i c m a t e r i a l w a s p r e p a r e d v i a t h e s a m e r o u t e , u s i n g 1 , 2 -
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TBSO
bis(diphenylphosphino)benzene as the achiral ligand in the allyl-allyl coupling reaction. 
The absolute stereochemistry was assigned by analogy to compounds 2.41 and 2.81.!
!
  !
!
Chiral HPLC (OJ-H, Chiralcel, 0.5 mL/min, 1.5% isopropanol, 220 nm) - analysis of 
primary alcohol.!
!
              !
  !
  !
!
!
!
!
!
!
!
TBSO
Ph
TBAF   XH2O
THF, 45 oC
HO
Ph
                 Racemic Sample                                             Enantioenriched Sample
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2 - ( ( 5 R , 6 R ) - 6 - p h e n y l - 5 - v i n y l o c t - 7 - e n - 1 -
yl)isoindoline-1,3-dione (Compound 2.85). The title 
compound was prepared via representative procedure A 
for allyl-allyl coupling, with the following modification: 2.5 
mol % Pd2(dba)3 and 5.0 mol % (R)-MeO(furyl)BIPHEP 
were used. 1H NMR (500 MHz, CDCl3): δ 1.10-1.24 (2H, m), 1.26-1.40 (2H, m), 
1.45-1.53 (1H, m), 1.56-1.64 (1H, m), 2.33 (1H, app qd, J = 9.0 Hz, 3.5 Hz), 3.14 (1H, 
app t, J = 8.5 Hz), 3.58 (2H, t, J = 7.5 Hz), 4.90-4.92 (1H, m), 4.93-4.95 (1H, m), 5.00 
(1H, app dq, J = 10.5 Hz, 1.0 Hz), 5.04 (1H, dd, J = 10.5 Hz, 1.5 Hz), 5.51 (1H, ddd, J = 
17.0 Hz, 10.5 Hz, 9.5 Hz), 5.97 (1H, ddd, J = 17.0 Hz, 10.5 Hz, 8.5 Hz), 7.14-7.19 (3H, 
m), 7.25-7.29 (2H, m), 7.69 (2H, dd, J = 5.5 Hz, 3.0 Hz), 7.82 (2H, dd, J = 5.5 Hz, 3.0 
Hz);  13C NMR (125 MHz, CDCl3): δ 24.3, 28.3, 31.8, 37.9, 49.0, 55.0, 115.2, 116.2, 
123.1, 126.2, 128.1, 128.4, 132.2, 133.8, 140.6, 143.3, 168.4;  IR (neat): 2930 (m), 2860 
(w), 1772 (m), 1712 (s), 1639 (w), 1467 (w), 1453 (w), 1437 (w), 1396 (s), 1369 (m), 
1168 (w), 1048 (w), 995 (w), 914 (m), 761 (w), 720 (s), 702 (m), 530 (w) cm-1;  HRMS-
(ESI+) for C24H26NO2 [M+H]: calculated: 360.1964, found: 360.1960. [α]22D = +34.8 (c = 
0.57, CHCl3, from (R)-MeO(furyl)BIPHEP). The crude reaction mixture was purified on 
silica gel (20:1 to 15:1 pentane:diethyl ether) to afford a clear, colorless oil (32.5 mg, 
76% yield). Rf = 0.15 (16:1 pentane:diethyl ether, stain in PMA).!
!
Analysis of Stereochemistry:!
! Enantioselectivity was determined by HPLC analysis of the title compound as 
compared to racemic material, prepared by mixing a 1:1 ratio of allyl-allyl coupling 
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N
O
O
products derived from the (R) and (S) enantiomers of MeO(furyl)BIPHEP. Absolute 
stereochemistry was assigned by analogy to compounds 2.41 and 2.81.!
!
Chiral HPLC (OJ-H, Chiralcel, 0.5 mL/min, 1.0% isopropanol, 220 nm) - analysis of title 
compound.!
!
               !
  !
  !
!
!
(5R,6R)-ethyl 6-phenyl-5-vinyloct-7-enoate (Compound 2.87). 
The title compound was prepared via representative procedure A 
for allyl-allyl coupling, with the following modification: 2.5 mol % 
Pd2(dba)3 and 5.0 mol % (R)-MeO(furyl)BIPHEP were used. 1H 
NMR (500 MHz, CDCl3): δ 1.10-1.17 (1H, m), 1.20 (3H, app t, J = 7.0 Hz), 1.22-1.33 
(1H, m), 1.42-1.48 (1H, m), 1.62-1.70 (1H, m), 2.11-2.23 (2H, m), 2.34 (1H, app qd, J = 
9.0 Hz, 3.0 Hz), 3.16 (1H, app t, J = 8.5 Hz), 4.06 (2H, q, J = 7.5 Hz), 4.91-4.92 (1H, m), 
4.95-4.96 (1H, m), 4.99-5.03 (1H, m), 5.09 (1H, dd, J = 10.0 Hz, 1.5 Hz), 5.54 (1H, ddd, 
                 Racemic Sample                                             Enantioenriched Sample
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EtO2C
J = 17.5 Hz, 10.5 Hz, 9.5 Hz), 5.97 (1H, ddd, J = 17.0 Hz, 10.0 Hz, 8.5 Hz), 7.15-7.21 
(3H, m), 7.29 (2H, app t, J = 7.5 Hz);  13C NMR (125 MHz, CDCl3): δ 14.2, 22.6, 31.8, 
34.2, 49.1, 54.9, 60.1, 115.3, 116.4, 126.2, 128.1, 128.4, 140.4, 140.5, 143.2, 173.6;  IR 
(neat): 3077 (w), 2978 (w), 2928 (w), 1733 (s), 1638 (w), 1373 (w), 1246 (w), 1164 (m), 
1076 (w), 994 (w), 913 (m), 759 (w), 701 (s) cm-1;  HRMS-(ESI+) for C18H25O2 [M+H]: 
calculated: 273.1854, found: 273.1844. [α]22D = -51.7 (c = 0.60, CHCl3, from (S)-
MeO(furyl)BIPHEP). The crude reaction mixture was purified on silica gel (40:1 
pentane:diethyl ether) to afford a clear, colorless oil (31.5 mg, 77% yield). Rf = 0.31 (40:1 
pentane:diethyl ether, stain in PMA).!
!
Analysis of Stereochemistry:!
! The title compound was subjected to DIBAL-H reduction to afford the primary 
alcohol for SFC analysis, as depicted below. The analogous racemic material was 
prepared via the same route, using 1,2-bis(diphenylphosphino)benzene as the achiral 
ligand in the allyl-allyl coupling reaction. The absolute stereochemistry was assigned by 
analogy to compounds 2.41 and 2.81.!
!
  !
!
!
!
!
HOEtO2C DIBAL-H
DCM, 0 oC
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Chiral SFC (AD-H, Chiralpak, 215 nm, 2.0 mL/min, 3.0% MeOH, 100 bar, 35 °C) - 
analysis of primary alcohol.!
!
               !
  !
  !
!
                 Racemic Sample                                             Enantioenriched Sample
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Chapter 3!
!
Understanding and Improving Allyl-Allyl Couplings to Allow Increasingly Hindered 
Bond Formations!
!
I. Introduction!
!
! The discovery that small bite angle bidentate phosphine ligands promoted high 
branched regioselectivity in allyl-allyl couplings opened entirely new areas for further 
expansion. In addition to the diastereoselective coupling as presented in Chapter 2, the 
initial report also inspired the development of other related couplings in our group. One 
longstanding challenge has been the use of more highly substituted coupling partners to 
allow generation of products containing all-carbon tertiary or quaternary centers adjacent 
to another quaternary center (Scheme 3.1, eq 1). Although an area of increasing 
attention, there remain relatively few catalytic asymmetric methods for such bond 
formations; this is unfortunate given the relative importance of such motifs in natural 
products and pharmaceutically relevant molecules. !1
! Preliminary efforts towards the construction of such congested bond formations 
in our laboratories via allyl-allyl coupling were hampered by poor reactivity and 
selectivity. For example, attempted allyl-allyl coupling of cinnamyl chloride and geraniol-
derived γ,γ-disubstituted allylboron 3.2 furnished none of the desired product 3.3 under 
the conditions optimized for the diastereoselective couplings (eq 2). Despite elevated 
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 a) Peterson, E. A.; Overman, L. E. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 11943. b) Cozzi, P. 1
G.; Hilgraf, R.; Zimmermann, N. Eur. J. Org. Chem. 2007, 36, 5869. c) Trost, B. M.; Jiang, C. 
Synthesis 2006, 369. d) Das, J. P.; Marek, I. Chem. Commun. 2011, 47, 4593. 
reaction temperatures, the reaction occurred with very low conversion and gave a 
mixture of etherial and elimination byproducts. We were unable to fully explain or 
improve upon this result with the understanding of the coupling we had at the time.!
!
Scheme 3.1: Congested C-C Bond Formations with Allyl-Allyl Couplings!
!
  !
!
! To advance the utility and understanding of the allyl-allyl coupling as a whole, we 
sought to further optimize reaction conditions and study the mechanistic details of our 
system. We expected that with these elements in hand, we could then begin to 
understand and address the problems with the more-hindered couplings. In the following 
chapter the development of improved conditions and mechanistic understanding of the 
Pd-catalyzed allyl-allyl cross coupling is described. This information is subsequently 
applied to a highly selective method for hindered bond formation in allyl-ally couplings.!
!
!
!
!
R1 X
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+
R4R2
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R1 X
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B(pin)R2
oror or
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+
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Me Me
Me
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*
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*
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II. Background!
!
A. Further Advances in the Synthesis of 1,5-Dienes!
! Concurrent with the development of the diastereoselective allyl-allyl coupling, 
Morken Group members Dr. Ping Zhang, Dr. Robert Kyne, and Hai Le reported an 
enantioselective allyl-allyl coupling to give all-carbon quaternary center-containing 1,5-
dienes (Scheme 3.2, eq 3).  Utilizing a similar catalyst system, and with the addition of 2
water to impede β-hydride elimination, disubstituted allyl carbonates such as 3.4 
underwent efficient coupling with allylB(pin) to give products of type 3.6.!
!
Scheme 3.2: Additional Morken Group Reports on Ally-Allyl Couplings!
!
  !
B(pin)
B(pin)+Ph
OBoc
Me Ph
Me
Pd2(dba)3 (1.25%)
(R)-MFB (2.5%)
CsF (3 equiv)
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>20:1 regio
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! As a synthetic route to 1,5-dienes containing differentiated olefins, an additional 
coupling was developed to make use of borylated allylboronate 3.8 (eq 4).  Again under 3
similar conditions to those reported previously, this coupling delivered vinyl boron-
containing 1,5-diene products 3.9 and 3.10 with enhanced enantioselectivities as 
compared to the couplings with allylB(pin) as the nucleophile. Additionally, the vinylB(pin) 
group offered an effective synthetic handle for further manipulations such as Suzuki 
cross-couplings with aryl halides, oxidation of the boron to give a ketones, dihdroxylation 
to give α-hydroxy ketones, or halogenations with copper halides. Very recently, Morken, 
Le and Batten have reported a stereospecific allyl-allyl coupling of enantioenriched, 
internal allyl acetates such as 3.11 to give products of type 3.12 with good to excellent 
stereospecificity (eq 5). !4
! In addition to the Morken group examples, two additional transition metal-
catalyzed asymmetric methods for the synthesis of branched 1,5-dienes have been 
recently reported. In 2013, Feringa and co-workers developed a copper/
phosphoramidite-catalyzed coupling of allylic bromide electrophiles with allylmagnesium 
bromide (Scheme 3.3, eq 6).  At cryogenic temperatures, the coupling with aliphatic allyl 5
bromide 3.13 was shown to deliver diene 3.16 in good yield and enantioselectivity with 
moderate regioselectivity. Although the reaction showed a fairly broad scope, 
regioselectivity fell significantly when larger aliphatic or aromatic substituents were used. 
Mechanistically, the authors propose that the coupling operates through an inner-sphere 
process (eq 7). Branched selectivity is proposed to come from an η3-η1-reductive 
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elimination from the (η3-allyl)(η1-allyl)Cu(III) intermediate 3.17. Alternately, isomerization 
to 3.18 followed by reductive elimination will give the linear product.!
!
! Scheme 3.3: Asymmetric Cu- and Ir-Catalyzed Couplings to give 1,5-Dienes!
!
  !
!
! Carreira, Hamilton and Sarlah have also shown an interesting iridium-catalyzed 
allyl-alkene coupling to give 1,5-diene products directly from terminal olefins and allylic 
alcohols (Scheme 3.3, eq 8).  Under catalysis of a chiral Ir-(P,olefin) complex formed in 6
situ from [Ir(cod)Cl]2 and ligand 3.20, the coupling of allyl alcohol 3.19 and 
[Ir(cod)Cl]2 (4%)
3.20 (16%)
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r.e.
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Br
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+
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DCM, −80 °C, 23 h n-octyl
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97:3 er
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(6)
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Ph
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+
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>99:1 er
>20:1 regio
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S N
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O P N
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Me
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R
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R
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Branched Linearη
3-η1
r.e. (7)
(R)-3.20
Feringa, 2013
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methylenecyclopentane proceeded with excellent regio- and enantioselectivity to give 
3.22. The use of Brønsted acid cocatalyst 3.21 and molecular sieves were also required 
to activate the allylic alcohol towards oxidative addition. The reaction showed a 
moderate scope, functioning only with aryl-substituted allyl alcohols such as 3.19 and 
1,1-disubstituted diene nucleophiles. Although limited, this transformation is outstanding 
in terms of atom economy as it does not require activated allyl electrophiles or 
prefunctionalized allylmetal reagents.!
! Among these advances, the diastereoselective coupling presented in Chapter 2 
still represented the only allyl-allyl coupling that established 1,5-dienes containing two 
adjacent stereocenters. We reasoned that the use of the Pd-catalyzed coupling might 
still have the best chance of generating adjacent, more highly substituted all-carbon 
stereocenters with high regio- and enantioselectivity. As will become apparent in the next 
few sections, methods to access such congested centers have only recently begun to be 
developed, and represent an active area of concern in asymmetric catalysis.!
!
B. Asymmetric Transition Metal-Catalyzed Couplings to Give Adjacent Tertiary and 
Quaternary Centers!
! Despite the prevalence of highly congested vicinal stereocenters in natural 
products, there exist relatively few asymmetric transition-metal catalyzed processes to 
establish neighboring tertiary and all-carbon quaternary centers.1a Although these motifs 
can often be accessed intramolecularly through rearrangements  or asymmetric Heck 7
reactions,  development of efficient and selective intermolecular variants remains an 8
 137
 For a recent Cu-catalyzed Claisen rearrangement to access this motif, see: Tam, J.; Cheon, C.-7
H.; Yamamoto, H. Angew. Chem. Int. Ed. 2012, 51, 8264.
 For reviews on enantioselective Heck reactions, see: a) McCartney, D.; Guiry, P. J. Chem. Soc. 8
Rev. 2011, 40, 5122. b) Dounay, A. B.; Overman, L. E. Chem. Rev. 2003, 103, 2945.
area of intense focus. Much like the examples presented in Sections 2.II.A and B, many 
of the methods that do exist often rely on ligand-controlled attack of a prochiral 
nucleophile onto an intermediate π-allyl metal species. While palladium has proven 
effective in a few cases, many of the more general transformations rely on other metals.!
!
Scheme 3.4: Trost’s Mo-Catalyzed Couplings!
!
  !
!
! In 2007, Trost and Zhang reported a molybdenum-catalyzed allylic alkylation of 
cinnamyl-type carbonates with 3-aryloxindoles (Scheme 3.4, eq 9).  Utilizing the Trost 9
ligand 3.25, the reaction delivered product 3.26 in good yields, enantio-, diastereo- and 
regioselectivity. Similar selectivities were seen with other aromatic substituents on either 
of the carbonate or the nucleophile, however, all nucleophiles relied on the general 
NH HN
OO
PPh2 Ph2PX X
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3‑aryloxindole motif. The reaction is believed to proceed through an inner-sphere 
Claisen-like attack of an (η1-allyl) oxygen-bound Mo enolate onto the more substituted 
position of the η3-allyl fragment as seen in 3.30. This proposed stereochemical model 
minimizes interactions between the two phenyl groups, and accounts for the observed 
selectivity. This approach was later extended to allow use of cyanoester nucleophiles 
under slightly modified conditions (eq 10).  Again under Mo-catalysis and with ligand 10
3.28, the reaction showed smooth coupling of cinnamyl carbonate 3.23 with cyanoesters 
such as 3.27 to forge the congested C-C bond seen in 3.29 in excellent yield, regio-, 
diastereo-, and enantioselectivity. The reaction was highly tolerant of modifications to 
both the aromatic ring of the electrophile as well as groups other than ethyl on the 
cyanoester. The mechanism is also believed to involve a similar inner-sphere process 
(3.31), where the favored transition state places the small cyano group between the 
bulky phenyl ring and allyl group.!
! In addition to molybdenum, there have also been some efficient iridium-catalyzed 
methods recently developed to establish vicinal all-carbon tertiary and quaternary 
centers. In 2013, the Stoltz group reported a highly selective Ir-catalyzed coupling of 
allylic carbonates and cyclic β-keto esters utilizing ligand 3.34 (Scheme 3.5, eq 11).  As 11
an example, the coupling of cinnamyl carbonate 3.32 and the enolate derived from in 
situ deprotonation of 3.33 by the catalytic triazabicyclododecene base (TBD, 3.35), 
proceeded with excellent diastereo- and enantioselectivity to deliver quaternary center-
containing β-keto ester 3.36. When 2-(trimethylsilyl)ethyl β-keto esters were used as 
starting materials, the products could undergo further Pd-catalyzed diastereoselective 
decarboxylative allylation with 3.38 to deliver 1,7-diene products such as 3.40 (eq 12). In 
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a later report, this strategy was extended to allow coupling of acyclic β-keto esters (eq 
13).  These couplings ran under very similar conditions as the previous example, 12
however, they were able to deliver acyclic quaternary center-containing β-keto esters 
such as 3.42 in greater yields and selectivities, and the reaction was complete in only 2 
hours.!
!
Scheme 3.5: Stoltz’s Ir-Catalyzed Couplings!
!
  !
!
! Carreira and co-workers have recently reported a rare and exceptional example 
of enantio- and diastereodivergent dual catalysis to generate the stereodiad under 
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consideration (Scheme 3.6, eq 14).  Utilizing both an Ir catalyst with chiral ligand 3.45, 13
as well as chiral cinchona alkaloid-derived primary amine organocatalyst 3.46, the 
α‑allylation of disubstituted aldehydes and allylic alcohols gave α-quaternary, β-tertiary 
aldehyde products. For example, the coupling of 2-phenylpropionaldehyde 3.43 and 
allylic alcohol 3.44 proceeded to give product 3.47 with excellent regio-, diastereo- and 
enantioselectivity. Each catalyst is thought to operate independently: the Ir-catalyst will 
oxidatively add into the electrophile to form a chiral (η3-allyl)Ir(III) complex, which will 
dictate stereochemistry at the β-position, while the amine organocatalyst will condense 
onto the aldehyde to form a chiral enamine nucleophile that controls the α-stereocenter. 
This feature allows the stereochemistry at each center to be varied independently based 
on the enantiomer of catalyst used, offering the ability to form all four possible 
diastereomers of product 3.47. Although double stereodifferentiation for some coupling 
partners led to lower diastereoselectivity for certain stereoisomers, yields and 
enantioselectivities remained high.!
!
Scheme 3.6: Carreira’s Dual Catalytic Coupling!
!
  !
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! Using a modified form of their asymmetric Pd-catalyzed decarboxylative allylation 
reaction, Stoltz and co-workers developed an enolate Michael-addition/allylation 
cascade to give α-quaternary β-tertiary cyclic ketone products (Scheme 3.7, eq 15). 
Under Pd-catalysis with ligand 3.39 (see Scheme 3.5 for structure), the coupling of 
β‑ketoester 3.48 and benzylidenemalonitrile 3.49 gave products of type 3.50 in good 
yields with moderate diastereo- and enantioselectivities. The proposed mechanism is 
similar to the decarboxylative allylation as described in Section 1.II.D, however, the chiral 
oxygen-bound palladium enolate intermediate is thought to undergo enantioselective 
Michael-addition to the malonitrile prior to allylative coupling.!
!
Scheme 3.7: Pd-Catalyzed Enolate Alkylation Cascade!
!
  !
!
! Taking a different approach, Trost, Cramer and Silverman developed a 
palladium-catalyzed asymmetric [3+2] trimethylenemethane (TMM) cycloaddition to form 
spirocyclic oxindolic cyclopentanes containing neighboring tertiary and quaternary 
centers (Scheme 3.8, eq 16).  As an example, cycloaddition between cyano-substituted 14
TMM precursor 3.51 and 3-alkylidene-oxindol-2-one 3.52 proceeded efficiently to give 
the spirocyclic product 3.54 in high yield and excellent selectivity with ligand 3.53. 
Although fairly narrow in substrate scope, this stands as a unique example of a case in 
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O MeO
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which three contiguous stereocenters are formed, one quaternary and two tertiary. In 
2011, the Trost group reported a related but more general TMM coupling utilizing 
exocyclic α,β-unsaturated systems as the olefin partner (eq 17).  Under similar 15
conditions, TMM precursor 3.55 and ketone 3.56 showed high yields and selectivity for 
the formation of 3.58. In both of these examples, the mechanism is thought to proceed 
as shown in equation 18. Upon oxidative addition of palladium with the acetate followed 
by desilylation, a zwitterionic (η3-allyl)Pd(II) complex as seen in 3.59 is formed. 
Conjugate addition into the α,β-unsaturated carbonyl will give intermediate 3.60, from 
which enolate attack will form the 5-membered complex 3.61. From here, β-hydride 
elimination will yield the product. !
!
Scheme 3.8: Trost’s Pd-Catalyzed Trimethylenemethane Cycloaddition!
!
  !
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C. Synthesis of Adjacent Quaternary Centers by Asymmetric Transition Metal-
Catalyzed Couplings!
! As might be expected, the establishment of adjacent quaternary centers requires          
an increasingly congested C-C bond formation and consequently poses an even greater 
challenge in transition-metal catalysis. There have been very few transition-metal 
catalyzed asymmetric methods developed for such a transformation, and those that exist 
have only recently been reported. In contrast to the methods described in the preceding 
section, palladium-catalyzed allylic alkylations have proven quite useful. This may be 
mostly due to the ability of palladium to form the 1,1-disubstituted (η3-allyl) complexes 
necessary for such transformations, which represents a problem for other metals.9, , !16 17
! Inspired by their group’s work in Mo-catalyzed couplings as described in the 
previous section, Trost and co-workers developed a Pd-catalyzed allylation of the 3-
aryloxindole motif with 1,1-disubstituted allyl electrophiles to target the Flustramine 
family of natural products (Scheme 3.9, eq 19).17 Although most of the substrate scope 
focused on the coupling with prenyl-type electrophiles to give non-stereogenic dimethyl-
substituted quaternary centers, the report includes one example utilizing the geraniol-
derived Troc carbonate 3.62. Under Pd-catalysis with ligand 3.64 and the conditions 
shown, the coupling gave the vicinal quaternary-center-containing aryloxindole 3.65 in 
excellent yield and selectivity. Although the branched to linear ratio was slightly lower 
than seen in some of the previous couplings, it still represented a high level of selectivity 
given the steric congestion at the forming C-C bond.!
!
!
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Scheme 3.9: Pd-Catalyzed Formation of Adjacent Quaternary Centers!
!
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!
! In 2013, the Trost group presented another strategy to access the vicinal 
quaternary center motif in symmetric products utilizing a dual asymmetric 
decarboxylative allylic alkylation (Scheme 3.9, eq 20).  Utilizing Trost ligand 3.67, the 18
authors effected a highly enantioselective transformation of dienol dicarboxylate 3.66 to 
give C2-symmetric bis-3-aryloxindole 3.68. The relatively low diastereoselectivity was 
attributed to substrate-controlled drop in enantioselectivity during the second 
decarboxylative alkylation. The product mixture was isolated in good yield, and the 
diastereomers proved separable during subsequent steps towards the formal synthesis 
of members of the cyclotryptamine alkaloid family.!
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Scheme 3.10: Ni-Catalyzed Asymmetric Alkylation!
!
  !
!
! A recent strategy describes a nickel-catalyzed coupling for the formation of 
adjacent quaternary centers, developed by the Wang group for the total synthesis of (+)-
perophoramidite (Scheme 3.10, eq 21). Under high loadings of Ni(OAc)2 and chiral 
diamine ligand 3.71, α-bromo 3-aryloxindole 3.70 underwent base-promoted coupling 
with tryptamine-derived indole 3.69 to give product 3.72 with high enantio- and 
diastereoselectivity and good yield. Although the authors do not comment on the 
mechanism, the conditions suggest that the reaction could proceed through an outer-
sphere attack of the tryptamine-derived nucleophile onto the oxidative adduct of the Ni 
and 3.70. !19
! The methods to establish highly congested vicinal all-carbon stereocenters 
presented in the preceding two sections are all examples of highly selective and efficient 
couplings, however, they also share some related weaknesses. In many cases, 
substrate scope is limited to small classes of electrophiles or nucleophiles. While 
specifically targeted coupling patterns have allowed for effective synthesis of a number 
of complex natural products, there is undoubtedly a need for additional, more general 
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couplings. Each of the couplings presented establish at least one quaternary center at 
the α-position of a carbonyl. While this has allowed the inherent reactivity of this position 
to dictate high regioselectivity for one of the coupling partners, it also limits the scope of 
any related further developments. In contrast, use of Pd-catalyzed allyl-allyl couplings to 
forge such congested stereocenters would represent a new regime of completely 
catalyst-controlled regioselectivity, potentially broadening both scope and generality.!
!
III. Improving and Understanding the Allyl-Allyl Coupling !20
!
A. Optimization of Catalyst for Allyl-Allyl-Couplings!
! Identification of a more active allyl-allyl coupling catalyst was an area of initial 
focus as we began to address some of the problems encountered with the more highly-
substituted coupling partners. At mild or slightly elevated reaction temperatures (room 
temperature to 60 °C), the use of a catalyst formed in situ from Pd2(dba)3 and the 
MeO(furyl)BIPHEP ligand (MFB, 3.74, Table 3.1 for structure) proved to be both highly 
selective and efficient at moderate reaction times (12-14 h) and catalyst loadings 
(2.5-10%). Unfortunately, given the low reactivity seen with the more substituted partners 
(Scheme 3.1, eq 2), the substantial increases in reaction time, catalyst loading, or 
temperature that would be needed would render a synthetically useful coupling 
impractical.!
! Instead, we began to reconsider the formulation of the catalyst, and identified 
areas of concern in both the palladium precatalyst as well as the ligand. As discussed in 
Chapter 2, the quality of commercial Pd2(dba)3 is often poor, and the precatalyst is 
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known to contain significant amounts of palladium nanoparticles and excess 
dibenzylidenediacetone (dba).  While the palladium nanoparticles might participate in 21
other reactions or speed up catalyst deactivation, dba is also known to have detrimental 
effects in related cross-couplings by competing with substrate binding or sequestering 
active catalyst in off-cycle processes.  A solution to these potential issues might be use 22
of a precomplexed Pd-ligand catalyst, which might lead to a cleaner and more efficient 
reaction.!
! To test this idea, a preformed Pd(II)Cl2/MFB complex (3.75) was prepared and 
compared to the previous catalyst system in the coupling of cinnamyl carbonate 3.23 
and allylB(pin) (Table 3.1). As predicted, complex 3.75 (entry 2) proved to be a highly 
active catalyst, showing marked improvement in reactivity and selectivity over the 
catalyst formed in situ from Pd2(dba)3 and MFB (entry 1). Catalyst loadings could be 
lowered 100-fold from 10% to 0.1%, and the reaction times decreased from 12 to only 4 
hours. Remarkably, these improvements were accompanied by an increase in yield 
(95% versus 72%) and showed no loss of enantioselectivity.!
!
!
!
!
!
!
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Table 3.1: Optimized Conditions for Monosubstituted 1,5-Dienes!
!
  !
!
! In contrast to the previous catalyst formulation, which required use of air-
sensitive Pd(0) precatalyst and free phosphine ligand, 3.75 is air-stable. If the reaction 
vial is purged with nitrogen prior to addition of solvent, this feature allows the coupling to 
be set up on the bench-top without degradation of yield or selectivity (entry 3). The 
addition of a small amount of cesium fluoride was found to be necessary; the reaction 
does not proceed without it even at higher catalyst loadings and longer reaction time 
(entry 4). It is most likely that the fluoride is responsible for activation of the allylB(pin) 
towards initial transmetallation and reduction of 3.75 to give the active Pd(0) catalyst. 
When cinnamyl chloride is used in place of the carbonate (entry 5) the reaction proceeds 
at room temperature, leading to a slight increase in enantioselectivity.!
cat.entry a
1 Pd2(dba)3/(R)-3.74
eryield (%)t (h)
12 72 96:4
T (°C)
60
2 4 95 96:460
B(pin)
Ph
+
THF, temp, 
time
[Pd]
CsF (X equiv)
3b
5c
equiv CsF
-
0.05
8 0 -600
4 96600.05
4
5 92 97:3rt3
96:4
Ph
OBoc
MeO P(furyl)2
P(furyl)2
MeO PdCl2
 (R)-3.75
P
PMeO
MeO
O
O 2
2
a Unless otherwise noted reactions were run at 0.5 M concentration of the electrophile 
with 1.2 equivalents of the allylboron reagent. Yield refers to isolated yield of purified 
material. Enantiomer ratios were determined by GC analysis on a chiral stationary 
phase. Regioisomeric ratios were >20:1 as determined by 1H NMR anaylsis. All yields, 
and er values reported are the average of two or more experiments. b Reaction set up on 
benchtop and purged with N 2 prior to solvent addition. c Reaction run with cinnamyl 
chloride (3.1)
3.23 3.5 3.73
% cat.
0.1
10
0.1
0.25
0.1
(R)-3.75
(R)-3.75
(R)-3.75
(R)-3.75
(R)-MFB (3.74)
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! A similar reactivity enhancement was seen when catalyst 3.75 was compared to 
previously optimized conditions for allyl-allyl coupling of disubstituted allylic carbonate 
3.4 and allylB(pin) to yield all-carbon quaternary center-containing 1,5-diene 3.6 (Table 
3.2). For these substrates, catalyst loadings could be lowered from 4 to 0.25%, and the 
reaction was again complete in only 4 hours (entries 1 vs. 2). Unfortunately, an increase 
in competitive β-hydride elimination at lower catalyst loadings led to a decrease in yield 
(59 versus 86%). Luckily, both yield and enantioselectivity were improved when the 
reaction was run at room temperature with the allylic chloride (entry 3).!
!
Table 3.2: Catalyst Performance in Couplings to give Quaternary Centers!
!
  !
!
! To further quantify the differences between 3.75 and the original Pd2(dba)3/MFB 
catalyst system, the coupling of carbonate 3.23 and allylB(pin) were monitored by 
reaction calorimetry (Figure 3.1). Under the conditions as presented in Table 3.1 entries 
1 and 2, the two catalysts showed similar total heat outputs but very different rates. As 
1
4 59 94:6602
5 85 98:2rt
12 86 96:4603
3
5
Pd2(dba)3/
(R)-MFB
3d
Ph B(pin) Ph
+
10:1 THF:H2O 
temp, time
OBoc [Pd]
CsF (X equiv)Me
a Unless otherwise noted reactions were run at 0.5 M concentration of the electrophile with 1.2 
equivalents of the allylboron reagent. Yield refers to isolated yield of purified material. Enantiomer 
ratios were determined by GC analysis on a chiral stationary phase. Regioisomeric ratios were >20:1 
as determined by 1H NMR anaylsis. All yields, and er values reported are the average of two or more 
experiments. b Reaction run with the linear chloride (3.7).
3.53.4 3.6
Me
cat.entry a eryield (%)t (h) T (°C)equiv CsF% cat.
(R)-3.75
(R)-3.75
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0.25
0.25
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was expected, the reaction with 0.1% of 3.75 was significantly faster, completing within 
only 2.5 hours (blue line). The reaction with Pd2(dba)3/MFB was slower overall (red line); 
although a large percentage of the total heat output occurred within the first three hours, 
the reaction became sluggish and required almost six hours to complete despite the 
elevated catalyst loading.!
!
Figure 3.1: Comparison of Catalyst Rates by Reaction Calorimetry!
!
! Suspecting dba to be a probable cause of the lower reactivity of the Pd2(dba)3/
MFB catalyst, a reaction was set up in which 15 mol% dba was added to a reaction 
catalyzed by 0.1% of 3.75 (green line). As compared to the other two plots, this reaction 
showed a heat output closer to the Pd2(dba)3/MFB system, slowing significantly as the 
reaction progressed. This experiment provides evidence that the dba present in the 
original catalyst does have some negative effect on the reaction; however, it also 
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indicates that there are other beneficial features to the preformed catalyst. If dba alone 
was the difference between the two catalysts, one would expect the green line to lie far 
below the red line due to the 100-fold decrease in catalyst loading. As this is not the 
case, other issues such as ligand or palladium quality, or inefficient catalyst activation 
could be creating the additional variance between the two systems.!
!
B. Kinetic Studies on Reaction Mechanism!
! The studies initiated during reaction optimization indicated that the new catalyst 
complex 3.75 was particularly well suited for analysis using reaction calorimetry. In this 
context, an investigation into the kinetics of the reaction between cinnamyl tert-butyl 
carbonate (3.23) and allylB(pin) (3.5) to give diene 3.73 was carried out using reaction 
progress kinetic analysis (RPKA) of reaction profiles obtained by calorimetry. 
Popularized by Professor Donna G. Blackmond, RPKA represents a simplified 
methodology for the accurate and rapid understanding of the kinetic profile of transition-
metal catalyzed reactions. ,  Often requiring only five different experiments for well-23 24
behaved systems, the method employs the idea of reaction ‘excess’ to streamline 
analysis. Additionally, this method allows the reaction to be analyzed at or near the 
actual conditions under which it is run in the laboratory. This feature provides a more 
accurate understanding of the catalyst in its natural environment over the entire course 
of the reaction.!
! Key to the RPKA process is the ability to use a method for analyzing reaction 
conversion that relies on in situ measurements (ReactIR, in situ NMR analysis, reaction 
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calorimetry), which allows high accuracy and resolution in data collection. Reaction 
calorimetry represents a particularly attractive in situ method for studying the reaction in 
question as it allows the allyl-allyl coupling to be set up on a small scale in sealed vials, 
and provides accurate and constant magnetic stirring and elevated reaction temperature. 
Reaction calorimetry measures the instantaneous heat flow (data points collected every 
three seconds) of a reaction in comparison to a reference vial, and therefore provides a 
differential measurement of reaction rate (heat flow [!] = ΔHrxn x Volume x Rate).  The 25
relative rate, absolute rate, and conversion can all be calculated from the heat flow 
output using a simple spreadsheet program. !
! Conversely, reaction calorimetry has one potential pitfall: the heat output of a 
reaction is not only dependent on conversion of reagents to the desired product, but is 
augmented by other events such as reagent interactions or side reactions. In order to 
circumvent these issues, special care must be taken to (1) study catalysts and reactions 
that are clean and produce little or no byproduct, (2) carefully design the reference 
experiment to accurately reflect other heat-generating processes, and (3) calibrate the in 
situ method with a second analysis to insure the heat output corresponds well to actual 
conversion. If these criteria are met, RPKA of reaction calorimetry data has great 
potential for the analysis of reaction kinetics.23,25!
! To initiate calorimetry studies, the reaction was run under the optimized 
conditions for catalyst 3.75 as presented in Table 3.1, entry 2 ([carbonate 3.23] = 0.5 M, 
[allylB(pin)] = 0.6 M, 0.1 mol% 3.75, 5.0 mol% CsF, 60 °C in THF).  Under these 26
conditions, the reaction exhibited the heat flow versus time profile as shown in Figure 3.2 
(panel A). The reaction is complete within three hours, and exhibits a large exothermic 
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spike during the initial period of the reaction, followed by a gradual reversion to more 
steady-state progress. The heat output was connected to conversion by comparison to 
NMR analysis of aliquots taken from the reaction during the first hour of the reaction 
(panel B).!
!
Figure 3.2: Reaction Profile and NMR Calibration!
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! Based on the data shown, it might appear that the reaction exhibits two separate 
rate profiles, one initially rapid rate followed by a second lower rate regime. Although this 
is a possibility, the profile could also be attributed to some other source of transient 
behavior at the beginning of the reaction such as an induction period. Blackmond 
acknowledges that such phenomena are often observed at the onset of a catalytic 
reaction, and explains that this portion of the data is often best ignored.23 Consequently, 
further analysis will focus only on the steady-state portion of the reaction. The full heat 
output was used to calculate the curve shown in Figure 3.2 panel B, suggesting that the 
observed spike is not from some other exothermic event during the onset of the reaction.!
!
Figure 3.3: Catalyst Loading Experiment
  !
!
! To begin RPKA analysis, the reaction was run under standard conditions but at a 
0.05% catalyst loading (red line, Figure 3.3), half that of the previous experiment (0.1%, 
blue line). Comparison of the reaction rates versus concentration of carbonate 3.23 for 
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each of the catalyst loadings revealed a proportional decrease in reaction rate during the 
steady state portion of the plot, indicating that the reaction was likely first order in 
catalyst.!
!
Figure 3.4: Effects of Substrate Concentration
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! Next, the reaction was carried out with twice the initial concentration of either the 
carbonate 3.23 ([1.0M], red line, Panel A) or the allylB(pin) ([1.2M], red line, Panel B, 
Figure 3.4). Comparing the heat flow versus time plots for these experiments to the 
standard conditions (blue lines), it is easy to see that the kinetic profile is relatively 
unchanged in each case. These experiments suggest that the reaction is insensitive to 
concentration of either the electrophile or nucleophile and, under the reaction conditions, 
zero-order in both. In the plot presented in panel A, the reaction with excess 3.23 runs 
longer and has a higher total heat output than for the standard conditions. This is due to 
the fact that the allylB(pin) ([0.6M]) is now the limiting reagent; accounting for 
stoichiometry, the total heat outputs are very similar.!
!
Figure 3.5: ‘Same Excess’ Experiment!
!
! One final experiment allows analysis of other potentially complicating features of 
the cycle such as catalyst deactivation or product inhibition. To probe for these effects, a 
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‘same excess’ experiment is run in which different initial concentrations of both the 
starting materials are used; however, the ‘excess’ is kept constant, as are all other 
conditions. The plot of rate versus substrate concentration for the ‘same excess’ 
experiment is then compared to the standard conditions. A reaction with lower initial 
concentrations of starting materials would be expected to show a higher rate at a given 
concentration if catalyst deactivation or product inhibition were an issue under standard 
conditions. In the allyl-allyl coupling, this experiment actually showed an opposite effect 
(Figure 3.5). Comparison of the ‘same excess’ reaction (red line) to standard conditions 
(blue line) shows a lower rate overall. These data indicate that catalyst deactivation or 
product inhibition are likely not complicating features of the system, however, also point 
to the possibility of product or byproduct acceleration of the reaction. We reasoned that 
the olefins present in the product or the tert-butoxyB(pin) generated upon 
transmetallation could potentially be involved in causing this effect. Additionally, this 
observation could also point to a slow and continued catalyst activation throughout the 
reaction.!
!
C. Proposed Catalytic Cycle and Deuterium Labeling Study!!
! Based on data obtained from the reaction progress kinetic analysis and previous 
experimental results, the catalytic cycle as shown in Scheme 3.11 was proposed. 
Initiation of catalyst 3.75 is most likely accomplished by transmetallation of two allyl 
fragments from fluoride-activated allylB(pin) to the Pd(II) center, displacing the two 
chloride ligands.  This event is followed by reductive elimination to generate the active 27
Pd(0) complex I and hexadiene, which most likely remains bound to the Pd center 
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through one or both olefins.  Oxidative addition of Pd(0) with the allyl carbonate will 28
yield the cationic (η3-allyl)Pd(II) complex II,  accompanied by loss of the carbonate 29
group which will break down into CO2 and tert-butoxide.  The alkoxide activates 30
allylB(pin) towards transmetallation, yielding bis(η1-allyl) III. 3,3ʹ-Reductive elimination 
from III will yield the product and allow Pd(0) to reenter the catalytic cycle as IV. The 
kinetic data suggests that the order of the reaction is zero in both carbonate and 
allylB(pin), signaling that the rate-determining step is neither the oxidative addition (I to 
II) or transmetallation (II to III). As the reaction also seems to suffer no product inhibition, 
it is unlikely that catalyst turnover (III to IV) is rate-determining either. This suggests that 
the 3,3ʹ-reductive elimination could be the rate-determining step, with III as the resting 
state of the catalyst.!
!
Scheme 3.11: Proposed Catalytic Cycle!
!
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! In addition to understanding the kinetics, we also sought to develop a more 
complete understanding of the stereochemical nature of each of the key steps of the 
mechanism. As presented in Section 1.II.C, deuterium labeling studies have provided 
evidence that the reaction proceeds through an inner-sphere 3,3’-reductive elimination, 
and initiates with a known anti-oxidative addition. Additionally, the stereochemical model 
as proposed in Section 2.III.C predicts that the 3,3ʹ-reductive elimination likely occurs 
through an ordered, chair-like transition state. Transmetallation remained the one step 
for which stereochemical features had not been studied, and consequently further 
experimental efforts were undertaken.!
! In palladium-catalyzed inner-sphere processes, allylmetal reagents are known to 
undergo SE2ʹ transmetallation with either an anti or syn stereochemistry. ,  The anti 31 32
pathway typically proceeds through an open transition state, while the syn is often 
characterized by a closed, cyclic transition state formed through coordination between 
the palladium and a substituent on the allylmetal. To differentiate between these two 
pathways in the allyl-allyl coupling, the experiment as shown in Scheme 3.12 was 
designed. Isotopically-labeled, γ-substituted allylboron (S)-E-3.76 was prepared and 
subjected to optimized conditions for the diastereoselective allyl-allyl coupling as 
described in Chapter 2 with (R)-MFB and cinnamyl chloride 3.1 (Scheme 3.12, eq 22). 
Under these conditions, the reaction gave (R,R)-E-3.77 as the major stereoisomer with 
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near-perfect transfer of the chirality of the starting material. The observed diastereo- and 
enantioselectivity was in accordance with previous results. Following the stereochemical 
course shown in equation 23, this result suggests that the preferred mode of 
transmetallation is the SE2ʹ anti (open) pathway. As seen in 3.78, this transmetallation 
pathway will lead to the bis(η1-allyl) intermediate 3.79. This complex can undergo σ-π-σ 
isomerization to give the isomeric bis(η1-allyl) intermediate 3.80, through which a ligand-
controlled 3,3ʹ-reductive elimination through the chair-like transition state as described in 
Chapter 2 will yield (R,R)-E-3.77. If the SE2ʹ syn pathway were to dominate, the opposite 
olefin isomer would be expected, although the stereochemistry of the sp3 centers would 
remain the same.!
!
Scheme 3.12: Deuterium Labeling Studies on Transmetallation!
!
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! It is possible that under different conditions the preferred transmetallation 
pathway could change. To test for this possibility, additional experiments were carried out 
(Table 3.3). When the reaction was run with the allyl carbonate 3.23 (entry 1) the 
reaction again gave the E-isomer of 3.77, and showed slightly lowered stereospecificity 
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and diastereoselectivity potentially due to the elevated temperatures. To study the 
transmetallation in the absence of fluoride, the reaction was carried out with no added 
base (entry 2). Again, E-3.77 was the major stereoisomer, and the reaction showed 
similar results to entry 1. These studies indicate that the counterion has little effect on 
the preferred transmetallation pathway. !
!
Table 3.3: Additional Labeling Studies!
!
  !
!
! Labeled (S)-E-3.76 was also used to probe the effects of water in allyl-allyl 
couplings. As explained in Section 2.III.B, a reduced amount of β-hydride elimination 
was seen in allyl-allyl couplings of aliphatic electrophiles when water was added to the 
reaction. One potential explanation for this effect was an increased activation of the 
allylboronate towards transmetallation by a palladium hydroxo intermediate. If this were 
taking place, the transmetallation would occur via a SE2ʹ syn (closed) pathway through a 
6-membered, hydroxo-bridged intermediate. When the labeling study was run in a 10:1 
THF/water solvent system there was no change in the observed stereochemical 
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outcome of the reaction (Table 3.3, entry 3), suggesting that the SE2ʹ anti (open) pathway 
was still operative. This result opposes an inner-sphere activation of the allylboron, and 
instead suggests that water might play a different role. As discussed previously, 
hydroxide might instead be occupying the coordination site necessary for β-hydride 
elimination, or the mixed solvent system could be helping to solubilize the CsF to a 
greater extent.!
!
D. Computational Studies on Regio- and Stereoselectivity in Allyl-Allyl Couplings!
! Having established an understanding of the kinetic and stereochemical features 
of the reaction experimentally, we sought to further understand the portion of the 
reaction coordinate essential to regio- and stereodefinition using density functional 
theory (DFT). The use of computational methods has become increasingly useful in 
predicting reaction mechanism and distinguishing between transition states leading to 
regio- and stereoisomers in related Pd-catalyzed reactions. Miyaura, Yamamoto and co-
workers have utilized DFT to study mechanism and stereochemistry for transmetallation 
of allylboron reagents in Pd-catalyzed couplings with aryl halides.32 Additionally, 
Eschavarren and Espinet have carried out extensive computational studies by on the 
3,3ʹ-reductive elimination pathways for simple allyl systems with achiral monodentate 
ligands as discussed in Chapter 1.  These studies provide an excellent starting point 33
from which to develop an understanding of chiral ligand control in stereoselective 
reactions with substituted allyl fragments. Related work by the groups of Braun,  Stoltz 34
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and Goddard,  and Stoltz and Houk  on Pd-catalyzed reactions involving similar 35 36
mechanisms also inform on the types of analyses, basis sets, and methods that might 
prove the most effective for our system. As a result, we were optimistic that calculations 
would give a deeper understanding of the mechanistic and stereochemical elements of 
both transmetallation as well as reductive elimination leading to the regio- and 
stereochemistry observed experimentally.!
! In this analysis, the coupling of allylB(pin) and cinnamyl carbonate 3.23 was also 
used as a model reaction to allow comparison to the mechanistic data presented in the 
preceding sections. All calculations were performed on the full system with the 
pinacolato moiety on allylB(pin) simplified to the glycolato backbone, and tert-butoxide 
simplified to methoxide. Inspired by methods and basis sets that proved accurate in the 
aforementioned studies, all geometry optimizations, energies and frequencies were 
calculated at the DFT level utilizing the B3LYP hybrid functional.  Also in line with 37
previous studies, the 6-31G** basis set was used for the elements C, H, P, B, and O in 
conjunction with the LANL2DZ relativistic pseudopotential for Pd, and calculations were 
carried out using the Gaussian 09 program.  All free energies were calculated at 333.15 38
K and the PCM model was used to estimate the effect of implicit solvation with 
tetrahydrofuran.  The frequency calculations for transition states each exhibited one 39
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imaginary frequency, and the transition states presented in Figures 3.6 and 3.7 were 
connected with the correct ground states through IRC calculations. The three-
dimensional structures shown were visualized utilizing CYLview.  Figures 3.6 and 3.7 40
have also been color-coded to represent pathways leading to the observed branched, 
(S) stereoisomer of 3.73 (Si pathway, blue lines), rather than (R)-3.73 (Re pathway, red 
lines) or the achiral linear isomer (green lines).!
!
Figure 3.6: DFT Calculations for Inner- and Outer-Sphere Pathways!
!
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! The study began by considering the possible inner- and outer-sphere pathways 
for reaction between the cationic (η3-allyl)Pd(II) intermediate GS3.A with the methoxide-
activated allyB(pin) 3.81 (Figure 3.6). From these two intermediates, transmetallation of 
the allyl unit from boron to the palladium center would begin the proposed inner-sphere 
pathway. Alternately, outer-sphere attack of the allylboron onto C1 or C3 of the (η3-allyl) 
fragment of GS3.A would deliver the 1,5-diene products directly. In line with the labeling 
study, the anti-SE2ʹ (open) transmetallation pathway (TS3.A) was calculated to be the 
lowest energy pathway overall, showing an activation free energy of 11.8 kcal/mol. The 
syn-SE2ʹ (closed) transmetallation pathway (TS3.B), characterized by coordination 
between the methoxide and palladium to give a six-membered transition state, was 5.7 
kcal/mol higher in energy than TS3.A. The energy values for these two processes were 
also calculated with fluoride as the activator for boron (energy values given in 
parenthesis). These calculations showed a slightly closer gap between the two potential 
pathways, but still favored reaction through TS3.A by 2.6 kcal/mol.!
! The alternate outer-sphere pathways were not only calculated to have activation 
free energy values 9.8-14.2 kcal/mol higher than TS3.A, but also predicted regio- and 
stereochemistry contrary to what was observed experimentally. The outer-sphere 
pathway leading to the linear 1,5-diene (TS3.C) was lower in energy than the pathways 
leading to either enantiomer of branched product by 3.9 and 4.4 kcal/mol. Considering 
the graphic representation of this pathway, it is easy to see that this approach better 
avoids steric interactions between the two allyl fragments during bond formation. TS3.D, 
the outer-sphere pathway leading to the minor (R)-enantiomer of 3.73 was calculated to 
have an activation free energy 0.8 kcal/mol lower than that leading to the experimentally 
favored (S)-enantiomer (TS3.E). Compared to TS3.D, reaction through TS3.E requires 
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reaction through a higher-energy (η3-allyl)Pd complex in which the phenyl ring of the allyl 
fragment is placed in closer proximity to the pseudoequatorial furyl ring.!
!
Figure 3.7: DFT Calculated Coordinate for Reductive Elimination Pathways!
!
  !
!
! Following the proposed inner-sphere mechanism, transmetallation of the allyl unit 
to palladium will form the bis(η1-allyl)Pd(II) complex GS3.B (Figure 3.7). From this 
complex, reductive elimination can occur to deliver either of the two enantiomers of 
branched product, or the linear isomer. In line with previous studies, reductive 
elimination through the 3,3ʹ-pathway (TS3.F) to give branched product was calculated to 
be favored by >17 kcal/mol in relation to the 1,1ʹ-pathway (TS3.G) to give the linear diene. 
Although the linear product was calculated to be thermodynamically favored by 3.5 kcal/
mol, the reaction appears to be under kinetic control.!
Pd
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TS3.F-Re a
10.5
TS3.G
3.73 + PdLn
-43.5
-47.0
Ph
(S)-3.73 via 
SI pathways
Ph
(R)-3.73 via 
Re pathways
Ph
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Figure 3.8: Transition States Leading to (S)- and (R)-3.73!
!
  !
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! Careful consideration of the stereochemistry determining 3,3ʹ-reductive 
elimination uncovers eight potential diastereomeric transition states leading to branched 
products, five of which are within 5 kcal/mol from each other and considered in Figure 
3.8. In good agreement with our proposed stereochemical model (Section 2.III.C), the 
overall lowest energy transition state was found to be TS3.F-Si A. This transition state is 
characterized by trans-olefin geometry and a chair-like conformation dictated by 
interactions of the pseudoequatorial furyl rings with carbons C1 and C2 of each allyl 
fragment, and leads to the (S)-enantiomer of 3.73. This enantiomer of product could also 
be accessed through boat-like TS3.F-Si B, however, this transition state was calculated to 
be almost 5 kcal/mol higher in energy.  The alternate Re pathways (TS3.F-Re a-c) were 41
calculated to be 2.6-3.2 kcal/mol higher in energy than TS3.F-Si A, and show multiple 
pathways for the formation of the minor (R)-enantiomer of 3.73. Reaction through the 
other chair-like conformation (TS3.F-Re a) was calculated to have an activation free energy 
2.6 kcal/mol higher than TS3.F-Si A, most likely due to the increased proximity of the allyl 
fragments to the pseudoequatorial furyl rings. Alternately, (R)-3.73 could be accessed 
through boat-like TS3.F-Re b, which lies 2.5 kcal/mol above TS3.F-Si A. Also close in energy 
is TS3.F-Re c, which is characterized by reaction through the same chair-like conformer as 
TS3.F-Si A but with the cis-olefin geometry. The other three potential transition states (not 
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 It would be logical to draw comparison between the boat-like transition state for allyl-allyl 41
couplings and the structurally similar Cope rearrangement of cis-1,2-divinylcyclopropane. 
Although TS3.F-Si B shows bond formation through an exo boat-like conformation, cis-1,2-
divinylcyclopropane is known to rearrange through the alternate endo boat to avoid formation of 
trans/trans cyclohepta-1,3-diene. Unfortunately, computational efforts to explore a similar endo 
pathway in the allyl-allyl coupling failed to converge, or reverted to the exo boat-like transition 
states shown. As the allyl-allyl coupling through either the exo or endo boat-like conformation will 
give the same product, it is likely that factors other than product stability are at play in determining 
transition state geometry. The exo mode shown avoids interaction of the allyl fragments with the 
ligand scaffold, and likely also experiences more favorable interactions between the forming C=C 
bonds and Pd center. For an excellent review on mechanistic and computational studies of 
divinylcyclopropane rearrangements as well as their use in synthesis, see: Krüger, S.; Gaich, T. 
Beilstein J. Org. Chem. 2014, 10, 163, and references cited therein.
pictured in Figure 3.8) involved reaction of the cis-alkene isomers of TS3.F-Re a, TS3.F-Re b, 
and TS3.F-Si B, and were calculated to have activation free energy barriers of 21.5, 22.7 
and 22.3 kcal/mol respectively. Overall, these energy values predict enantioselectivity 
similar to what was observed experimentally (calculated 99:1, observed 96:4), giving 
additional credibility to the proposed reaction mechanism and stereochemical model.!
!
Figure 3.9 Consideration of the Furyl Effect in 3.74!
!
  !
!
! One additional aspect that we wished to examine computationally was the 
notable effect of the furyl rings in MeO(furyl)BIPHEP (MFB, 3.74). Experimentally, we 
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have found this ligand to be both more reactive and selective in allyl-allyl couplings than 
related chiral bidentate phosphine ligands, even when compared to the very similar 
MeO(Phenyl)BIPHEP (3.83, Figure 3.9). As seen in equation 24, allyl-allyl coupling 
utilizing phenyl-substituted 3.83 shows incomplete conversion (70%) and lowered 
enantioselectivity (93:7 er) under conditions that lead to full conversion and a 96:4 er 
with 3.74.!
! In monodentate phosphine ligands, the introduction of furyl rings is a proven 
strategy for improving reactivity in certain cross-couplings. Farina and Keay have both 
studied related electronic and steric differences between tri-2-furylphosphine (TFP) and 
triphenylphosphine (PPh3), which could help in identifying differences between 3.74 and 
3.83.  It is known that TFP is more electron withdrawing than PPh3, and therefore can 42
accelerate reductive elimination in Pd-catalyzed cross-coupling reactions.  Perhaps in 43
contrast with the experimental data for selectivity, however, TFP exhibits a smaller cone 
angle (133°) than PPh3 (145°). While this data helps to explain the increase in reactivity 
in our couplings, the origin of increased enantioselectivity is unclear. To further study this 
effect, the possible transition state conformations leading to each enantiomer of 3.73 
were recalculated with ligand 3.83 in place of 3.74 (Figure 3.9).!
! Overall, the activation free energies for 3,3ʹ-reductive elimination with 3.83 (Panel 
B) are higher in energy than those calculated for 3.74 (Panel C), in line with the 
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 a) Farina, V. Pure Appl. Chem. 1996, 68, 73. b) Anderson, N. G.; Keay, B. A. Chem. Rev. 2001, 42
101, 997.
 Unfortunately, the M(CO)3L IR CO stretching frequencies for TFP have not been reported. 43
Instead, an analogy between the 31P-77Se coupling constants for R3P=Se complexes have been 
utilized, where less-donating phosphines should show a larger coupling constant due to an 
increased amount of s-character for the phosphorous lone pair. Experimentally, PPh3 gave a 
1J(31P-77Se) value of 732 Hz, while for TFP 1J(31P-77Se) = 793 Hz, suggesting that the TFP is 
more electron-poor. As a point of reference, the electron-rich P(p-MeOC6H4)3 ligand gives a 
31P-77Se 1J value of 708 Hz. See: Allen, D. A.; Taylor, B. F. J. Chem. Soc. Dalton Trans. 1982, 51.
proposed rate enhancement afforded by the furyl groups. Considering the relative 
barriers between the Si and Re pathways, the difference between the two possible trans-
olefin chair conformers (TS3.G-Si A and TS3.G-Re a) is now decreased to only 1.0 kcal/mol. 
Based on the assumption that these conformers are dictated by interactions with the 
pseudoequatorial rings on the ligand, this data suggests that the furyl ring is actually 
acting larger than the phenyl ring. Comparison of bond lengths and positioning of the 
pseudoequatorial rings for TS3.H-Si A (Panel A) and TS3.G-Si A (Figure 3.8), however, shows 
no substantial variation. Although sterically the two ligands appear similar, the difference 
in selectivity could instead be due to differences in electron density about the rings. In 
TS3.F-Si A, the oxygen atoms of the furyl rings are directed towards the Pd-C1 and Pd-C1ʹ 
bonds. This conformation could result in an electrostatic repulsion between the bonding 
valence electrons and oxygen lone pair electrons not seen with the phenyl substituent, 
causing the furyl ring to act larger than its size would suggest. A similar electronic 
argument has been used for interactions involving furyl rings in other stereochemical 
models,  and is a potential source of the elevated enantioselectivity seen with ligand 44
3.74 as well.!
! As a whole, the laboratory and computational experiments presented in Section 
3.III are in good agreement with one another, and provide a better mechanistic 
understanding of the electronic and stereochemical factors involved in allyl-allyl coupling. !
!
!
!
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 a) Suzuki, M.; Okada, T.; Taguchi, T.; Hanzawa, Y.; Iitaka, Y. J. Fluorine Chem. 1992, 57, 239. 44
b) Gutierrez, O.; Iafe, R. G.; Houk, K. N. Org. Lett. 2009, 11, 4298.
IV. Application of Optimized Conditions to Access Increasingly Congested C-C 
Bond Formations in Allyl-Allyl Couplings!
!
A. Initial Results and Additional Computational Efforts!
! With a newly optimized catalyst and deeper mechanistic understanding of the 
coupling, the hindered couplings that had previously shown poor reactivity were 
revisited. To begin, γ,γ-disubstituted allylboron 3.84 was prepared and subjected to the 
allyl-allyl cross-coupling with cinnamyl chloride 3.1 and catalyst complex 3.75 (Scheme 
3.13, eq 25). Disappointingly, the reaction showed low conversion and delivered none of 
the desired branched compound 3.85. The small amount of byproduct formed consisted 
of a mixture of allylbenzene (3.86) and γ-regioisomer 3.87. Both of these byproducts 
likely stem from the common intermediate 3.88, formed upon SE2ʹ transmetallation of 
3.84. From 3.88, β-hydride elimination could form isoprene and yield an (η1-allyl)Pd(II)-
hydride intermediate upon σ-π-σ isomerization to move palladium to the benzylic position 
(eq 26). From this intermediate, reductive elimination of the hydride and the allyl unit will 
give allylbenzene. It is likely the volatile isoprene is lost upon workup and therefore not 
seen in the crude reaction mixture. Alternately, regioisomer 3.87 can come from a 3,3ʹ-
reductive elimination from 3.88 (eq 27). Based on our mechanistic understanding of the 
reaction, we postulated that the added substitution at C3ʹ during the 3,3ʹ-reductive 
elimination must raise the activation barrier for the desired coupling, allowing these other 
pathways to become operative.!
!
!
!
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Scheme 3.13: Initial Results for Hindered Couplings!
!
  !
!
! To determine the effect of added substitution at the 3 and 3ʹ carbons on activation 
free energy barriers for 3,3ʹ-reductive elimination, further DFT calculations were carried 
out (Table 3.4). These calculations considered the lowest-energy 3,3ʹ-pathways for three 
coupling patterns that had previously shown good reactivity in the allyl-allyl coupling 
(shown in blue), as well as four additional hindered coupling patterns that had not yet 
been achieved (shown in red). Compared to the 14.0 kcal/mol barrier for TS3.F-Si A (Figure 
3.7), the more substituted couplings showed activation barriers 2.0-14.0 kcal/mol higher 
in energy. Addition of a methyl group at C3 to form quaternary center-containing 3.6 
showed a barrier of 16.0 kcal/mol, while methyl substitution at C3ʹ to form product 3.89 
raised the barrier an additional 1.4 units to 17.4 kcal/mol. The barrier for coupling with 
phenyl substituents at both C3 and C3ʹ to give 3,4-diphenyl-substituted product 3.90 was 
calculated to be 20.0 kcal/mol, a full 6.0 kcal/mol higher than the monosubstituted case. !
!
!
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Ph
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THF, rt, 14 h
Me
Me
Me
B(pin)Me
+
3.85
Ph
Cl
Ph
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MeMe
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Table 3.4: Calculated Activation Free Energies for Hindered Couplings!
!
  !
!
! In looking at the calculated activation energies that would be required for 3,3ʹ-
reductive elimination to give products 3.85 and 3.91-3.93, we can see a similar trend in 
activation energies based on substitution patterns. Interesting, however, is the 
comparison of the relative barriers between 3.85, a compound that experimentally gives 
no desired product, and 3.90, which was shown previously to react with relatively high 
regioselectivity in the diastereoselective coupling presented in Chapter 2. Although the 
barrier for 3.85 is slightly higher, it would seem that the 0.6 kcal/mol difference in energy 
is not enough to explain the relatively large differences in reactivities seen 
experimentally.!
! This aberrant result suggested that reductive elimination might not be the 
complicating step for reactions involving coupling with 3.84. To further probe this idea, 
additional calculations were carried out to determine the effects of the γ,γ-dimethyl 
P PPd
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Me Me
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Me
Me
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substitution seen in 3.84 on the SE2ʹ transmetallation (Figure 3.10). As seen in panel A, 
calculations show the addition of two methyl groups on the fluoride-activated boronate 
3.94 to have a significant impact on the barrier for transmetallation. TS3.I was calculated 
to have an activation free energy barrier of 30.8 kcal/mol, an increase of over 18 units in 
comparison to the unsubstituted case (ΔG‡ = 12.3 kcal/mol, Figure 3.6). More important 
might be the comparison between TS3.I and the calculated barrier for reductive 
elimination (20.6 kcal/mol, TS3.J), which predicts the transmetallation to now be the rate-
limiting step.!
!
Figure 3.10: Reaction Coordinate for γ,γ- and α,α-Substituted Allylboron Reagents!
!
  !
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! If transmetallation were now the complicating feature of the reaction with 3.84, 
modification of the nucleophile may allow for a better reaction. Computationally, we 
probed the effect of moving the methyl substituents to the α-position of the allylboron (as 
in 3.95, Figure 3.10, Panel B). With this structural modification, the barrier for 
transmetallation through TS3.K was calculated to be 14.6 kcal/mol, >16 kcal/mol lower in 
energy than TS3.I. In order to test this idea experimentally, α,α-disubstituted allylboron 
3.96 was prepared and subjected to the coupling (Scheme 3.14, eq 28). In contrast to 
the reaction with 3.84 (Scheme 3.13), the coupling with 3.96 proved to be highly 
effective and delivered the branched product 3.85 in excellent yield, regio- and 
enantioselectivity.!
!
Scheme 3.14: Reaction with α,α-Disubstituted Allylboron!
!
  !
!
B. Scope of Hindered Allyl-Allyl Couplings to Give Adjacent Congested Centers!
! Excited by the results observed when using α,α-disubstituted allylboron 3.96 in 
the allyl-allyl coupling to form adjacent highly congested stereocenters, a survey of 
related coupling partners was initiated. To begin, a number of electronically differentiated 
allylic chloride electrophiles were used in the reaction with 3.96 (Table 3.5). In 
comparison to the parent phenyl compound, use of both electron-withdrawing para-
chloro (entry 1) and electron-donating para-methoxy (entry 2) substituents gave products 
3.98 and 3.100 in similarly high yields and selectivities. The reaction also tolerated the 
protected indole-containing allyl chloride 3.101 (entry 3), delivering product 3.102 in high 
(R)-3.75 (1%)
CsF (5 equiv)
Ph
95% yield
98:2 er
>20:1 regioTHF, rt, 14 h
Me
B(pin)
Me
Me
Me
3.85
+
Ph
Cl
3.1 3.96
(28)
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yield and enantioselectivity despite lowered regioselectivity. Although not stereogenic, 
the tert-prenyl centers set in the products 3.85, 3.98, 3.100 and 3.102 are of synthetic 
interest as they are common motifs in alkaloid natural products.  Unfortunately, aliphatic 45
chlorides such as 3.103 were not tolerated in couplings with 3.96; despite high 
conversion the reaction yielded predominantly 1,3-diene product from β-hydride 
elimination even when run with a mixed THF/water solvent system (entry 4).!
!
Table 3.5: Electrophile Scope for the Hindered Couplings!
!
  !
Product regio
Me
Me
Cl
Cl
Me
Me
MeO
Me
Me
N
Boc
MeO
N
Boc
entrya
1
2
3
R
Cl (R)-3.75 (1%)CsF (5 equiv)
R
+
THF, rt, 14 h
MeMe
R
Me
Me4b Ph
Ph
yield (%) er
94
90
92
< 5%
>20:1
>20:1
5:1
-
98:2
98:2
96:4
-
3.97
3.99
3.101
3.103
3.98
3.100
3.102
3.104
Me
B(pin)
Me
3.96
a Unless otherwise noted reactions were run at 0.5 M concentration of the electrophile with 1.2 equivalents of the 
allylboron reagent. Yield refers to isolated yield of purified material. Enantiomer ratios were determined by GC or SFC 
analysis on a chiral stationary phase. Regioisomeric ratios were determined by 1H-NMR anaylsis. All yields, er, regio and 
dr values reported are the average of two or more experiments. b Reaction run in 10:1 THF/H2O with 1% (S,S)-QuinoxP*-
PdCl2 in place of 3.75.
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 a) Li, S.-M. Nat. Prod. Rep. 2010, 27, 57. b) Yang, Y.; Buchwald, S. L. J. Am. Chem. Soc. 2013, 45
135, 10642.
! To access stereogenic all-carbon quaternary centers adjacent to tertiary centers, 
the use of racemic allylboron reagents with non-symmetric substitution at the α-position 
was explored (Table 3.6). Reaction with the methyl/ethyl substituted 3.105 delivered 
product 3.106 in excellent yield, enantio- and regioselectivity, however, it showed only 
moderate diastereoselectivity (entry 1). Use of the geraniol-derived 3.107 showed 
slightly elevated diastereoselectivity due to the increased bulk of the larger substituent, 
and gave product 3.108 in similarly high yield, enantio- and regioselectivity (entry 2). To 
improve diastereoselectivity further, cyclohexyl-substituted reagent 3.109 was prepared 
in the hopes of generating a more sterically differentiated partner (entry 3). 
Unfortunately, the reaction with 3.109 gave low conversion and none of the desired 
product. The coupling also proved effective when the two substituents on the allylboron 
were tethered as in 3.111, delivering the interesting cyclic compound 3.112 in good yield 
and high selectivity (entry 4). !
! Products containing the adjacent quaternary/tertiary substitution pattern might 
also be accessed when an α-monosubstitited allylboron is reacted with a disubstituted 
allyl chloride. To test this coupling pattern, the crotylB(pin) isomer 3.113 was prepared 
and reacted with disubstituted allyl chloride 3.7 (Table 3.6, entry 5). Using a 10:1 THF/
water solvent system to reduce competitive β-hydride elimination, the coupling delivered 
product 3.91 in excellent enantioselectivity with good yield and moderate regio- and 
diastereoselectivity. Use of allylboron 3.113 also allowed for the coupling with cinnamyl 
chloride to give disubstituted 3.90 under significantly reduced catalyst loadings and 
reaction time from that reported in Chapter 2 (entry 6). Under these conditions, 
diastereoselectivity was decreased slightly due to the elevated temperatures, however, 
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yield, enantio- and regioselectivity remained excellent despite the 25-fold decrease in 
catalyst loading.!
!
Table 3.6: Nucleophile Scope for the Hindered Couplings!
!
  !
Ph
Me
Me
Me
Me B(pin)
Ph
Me
Me
Me
Me
Me
B(pin)
1
2b
Ph
Me
5c
6d
Ph
Cy
Me
Me
B(pin)
3
Ph
Me
Me
B(pin)
Me
3.105 3.106
3.107 3.108
3.113 3.91
3.90
3.113
3.109 3.110
Me
Nucleophile Productentrya
Ph
Cl
(R)-3.75 (1%)
CsF (5 equiv)
Ph
+ THF, rt, 14 hR1
B(pin)
R2
R2
R1
3.1
regioyield (%) er dr
96 >20:1 98:2 2:1
92 >20:1 98:2 3:1
>5% - - -
74 5:1 >99:1 4:1
90 >20:1 99:1 3:1
a Unless otherwise noted reactions were run at 0.5 M concentration of the electrophile with 1.2 equivalents of the 
allylboron reagent. Yield refers to isolated yield of purified material. Enantiomer ratios were determined by GC or SFC 
analysis on a chiral stationary phase. Regioisomer and diastereomer ratios were determined by 1H-NMR anaylsis. All 
yields, er, regio and dr values reported are the average of two or more experiments. b Reaction run with 10 equiv CsF for 
24 hours. c Reaction run in 10:1 THF/H2O with 3.7 as the electrophile. d Reaction run at 60 °C, 0.1% loading of (R)-3.75 
with 0.05 equiv CsF for 4 h, cinnamyl carbonate 3.23 used in place of chloride 3.1.
4
Ph
B(pin)
3.111 3.112
85 >20:1 97:3 -
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Table 3.7 Diastereoselective Coupling with Cyclic Allylboron Reagents!
!
  !
!
! Of additional synthetic note, all of the di- and mono- α-substituted allylboron 
reagents used in Tables 3.5 and 3.6 are easily prepared from the corresponding linear or 
branched allylic chlorides or halides in a one-pot reaction developed by Singaram and 
co-workers.  This method also allowed preparation of cyclic, α,β-substituted allylboron 46
reagents that proved highly effective in the coupling (Table 3.7). five-, six- and seven-
Ph
Ph
Ph
Ph
Ph
Cl (R)-3.75 (1%)CsF (5 equiv)
Ph
+
THF, rt, 24 h
B(pin)
( )n
( )n
n=0,1,2
Nucleophile Productentrya
3.1
regioyield (%) er
96 15:1 >99:1
dr
>20:11
2b
3
4c
3.114
3.115
3.116
3.117
3.118 3.120
3.118 3.119
B(pin)
B(pin)
B(pin)
94 >20:1 >99:1 >20:1
96 >20:1 >99:1 >20:1
82 >20:1 >99:1 >20:1
a Unless otherwise noted reactions were run at 0.5 M concentration of the electrophile with 1.5 equivalents of the 
allylboron reagent. Yield refers to isolated yield of purified material. Enantiomer ratios were determined by GC or SFC 
analysis on a chiral stationary phase. Regioisomer and diastereomer ratios were determined by 1H-NMR anaylsis. All 
yields, er, regio and dr values reported are the average of two or more experiments. b Reaction run with 10 equiv CsF. c 
Reaction run in 10:1 THF/H2O with 1% (S,S)-QuinoxP*-PdCl2 in place of 3.75 with 3.103 as the electrophile.
 181
 Clary, J. W.; Rettenmaier, T. J.; Snelling, R.; Bryks, W.; Banwell, J.; Wipke, W. T.; Singaram, B. 46
J. Org. Chem. 2011, 76, 9602.
membered allylboron reagents 3.114, 3.116, and 3.118 were prepared and reacted with 
cinnamyl chloride under conditions similar to those described in Tables 3.5 and 3.6. 
Each of these nucleophiles proved to be excellent coupling partners, delivering coupling 
products 3.115, 3.117, and 3.119 with near-perfect enantio- and diastereoselectivity, high 
yields and good to excellent regioselectivity as well. Additionally, these couplings allowed 
use of aliphatic allyl-chlorides. Under slightly modified conditions, the coupling of 3.118 
and aliphatic 3.103 delivered product 3.120 with excellent selectivities and good yield 
despite competitive β-hydride elimination.!
!
C. Efforts Towards the Development of Quaternary-Quaternary Couplings!
! Given the high selectivity and reactivity seen in the tertiary-quaternary couplings 
presented in the preceding section, we were optimistic that similar conditions would 
allow for establishment of adjacent quaternary centers (Scheme 3.15). Unfortunately, 
reactions utilizing conditions optimized for both allylic chlorides (top arrow) as well as 
allylic carbonates (bottom arrow) proved unsuccessful when disubstituted electrophiles 
3.7 and 3.4 were reacted with allylboron 3.96. Despite high conversion for both sets of 
partners, the desired all-branched isomer of product (3.92) was not observed. Instead, 
an intractable mix of other regioisomers, as well as β-hydride elimination product were 
formed (eq 29).!
!!!!!!!!!!
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Scheme 3.15: Initial Results for Quaternary-Quaternary Couplings!
!
  !
!
! It appeared that this strategy might not be amenable to further optimization, and 
consequently, other allylmetal reagents that might allow faster transmetallation at 
lowered reaction temperatures were explored. Allylzinc halide reagents are easily 
prepared from allylic halides by treatment with Zn(0) and LiCl, and are known to be 
significantly more active in cross-coupling reactions than allylboron reagents.  47
Additionally, recent work by Buchwald and colleagues has shown that substituted 
allylzinc bromides can serve as competent nucleophiles in palladium-catalyzed cross-
couplings.  !48
!!!!!!!!!!
Ph
Me
Me
Me
(R)-3.75 (0.5%)
CsF (3 equiv)
+ 10:1 THF/H2O
60 °C, 12 h
Me
B(pin)
Me
3.96
3.92
not observed
Ph
Ph
Me
Me
Me
Me
MePh
Me
intractable mix
Ph
Cl (R)-3.75 (1%)CsF (10 equiv)
+
10:1 THF/H2O
60 °C, 14 h
Me
B(pin)
Me
3.96
Me
3.7
Ph
OBocMe
3.4
Me
Me
Ph
Me
(29)
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Table 3.8: Quaternary-Quaternary Couplings with Prenylzinc Chloride!
!
  !
!
! To explore the activity and selectivity of allylzinc reagents in the allyl-allyl 
coupling, the prenylZnCl·LiCl 3.121 was prepared and subjected to reaction with the 
disubstituted allyl chloride 3.7 (Table 3.8). At room temperature, the reaction showed 
high conversion, however, it delivered none of the desired all-branched product 3.92. 
Instead, a mixture of γ-regioisomer 3.122 and products of β-hydride elimination (3.123) 
and elimination (3.124) were observed (entry 1). When the reaction was run at 0 °C for 
three days, full conversion was achieved, however a similar byproduct mixture was 
observed with no desired product. When the reaction was set up without catalyst (entry 
3), 30% conversion of the allyl chloride 3.7 to the γ-regioisomer 3.122 was observed. 
This indicated that background, uncatalyzed SN2ʹ attack of the allylzinc onto 3.7 was 
occuring, and was a likely source of some of the undesired regioisomer 3.122 during the 
catalyzed reaction as well.!
!
Ph
Cl (R)-3.75 (1%) Ph
+
THF, temp, time
Me
Me
ZnCl•LiCl
3.73.121
3.92
MeMe
+Me
Me
Me
3.122Me
Ph
Me
3.123
Ph
Me
temp (°C)entry conversion (%)a
1
time (h) resultsa
25 14
3.124
Ph
+
80-90 no desired pdt 3.92 recover 9:2:1 mix of 3.122:3.123:3.124
2 0 72 100 no desired pdt 3.92 recover 3:2:1 mix of 3.122:3.123:3.124
3b 0 72 30 all 3.122
a Determined by 1H NMR. b Reaction run without catalyst.
 184
Table 3.9: Quaternary-Quaternary Couplings with Disubstituted Allylzinc Chloride!
!
  !
!
! In hopes of improving regioselectivity and slowing the background reaction, the 
larger allylzinc 3.125 was prepared. When subjected to the coupling with 3.7 this 
nucleophile also yielded none of the desired branched product 3.93, instead giving an 
intractable mixture of the γ- and all-linear regioisomers (3.126 and 3.127) as well as the 
elimination products 3.123 and 3.124 (entry 1). Similar results were observed when the 
reaction was conducted at lower temperatures with elevated catalyst loadings (entry 2), 
and it appeared that the uncatalyzed background reaction was also an issue with 3.125 
(entry 3). Unfortunately, despite additional efforts to modify temperature, ligand, and 
reaction conditions (data not shown), similarly poor results were obtained and the 
desired product was not observed.!
!
!
!
1 25 14 100 no desired pdt 3.93, recover mixture of 3.126, 3.127, 3.123, 3.124
2c 0 24 100 no desired pdt 3.93, recover mixture of 3.126, 3.127, 3.123, 3.124
3b 0 24 20 3.126
a Determined by 1H NMR. b Reaction run without catalyst. c Reaction run at 2% catalyst loading
Ph
Cl (R)-3.75 (1%) Ph
+
THF, temp, time
Ph
Ph
ZnCl•LiCl
3.7
3.93
MeMe
+Me
Me
Ph
3.126Me
Ph
Me
3.127Ph
Me Ph
Me
3.123
Ph
Me
+
temp (°C)entry conversion (%)atime (h) resultsa
3.124
Ph
+3.125
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Table 3.10: Regioselectivity with Prenylzinc Chloride!
!
  !
!
! To determine whether the observed regioselectivity issues were a result of 
problems with the 3,3ʹ-elimination or the transmetallation, prenylZnCl·LiCl 3.121 
subjected to the coupling with cinnamyl chloride (Table 3.10, entry 1). Although high 
conversion was observed and the reaction did deliver the desired 3.85 as the major 
product, the coupling showed low regioselectivity and delivered a significant amount of 
regioisomer 3.128. At room temperature the reaction gave an 89% yield of a 1.7:1 
mixture of 3.85:3.128. A small amount of uncatalyzed background reaction was detected 
for these coupling partners (entry 2), however, the amount was not enough to account 
for all of the γ-regioisomer in the catalyzed reaction. The regioselectivity was increased 
marginally at 0 °C, however, the lowered reactivity required long reaction times (entry 3). 
In an effort to further decrease reaction temperatures and increase reactivity, cinnamyl 
Ph
X (R)-3.75 (0.5%)
Ph
+
THF, temp, time
Me
Me
ZnCl•LiCl
3.121 3.85
Me +
Me
3.128
temp (°C)entry conversion (%)a
1
X time (h) 3.85:3.128a
25 14 100 1.7:1
2c 25 14 < 10% all 3.128
3d 0 72 100 1.9:1
4d −20 48 100 1.5:1
5c,d −20 48 56 all 3.128
6 60 14 82 1.2:1
a Determined by 1H NMR. b Isolated yield of purified material. c Reaction run without catalyst. 
d Reaction run at 1% catalyst loading
Cl
Cl
Cl
Br
Br
yield (%)b
89
-
69
60
-
53
7c 60 14 0 --
Ph
MeMe
OBoc
OBoc
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bromides was used as the nucleophile (entry 4). Despite full conversion after two days at 
−20 °C, the allyl bromide suffered from an elevated amount of background reaction 
leading to lowered regioselectivity overall (entries 4 and 5). To prevent background 
reaction, the coupling was run with the allylic carbonate (entry 6). Although background 
was not observed for this electrophile (entry 7), the coupling showed poor 
regioselectivity at the elevated reaction temperatures. These results suggest that the 
prenylzinc reagent 3.121 is able to undergo transmetallation better than the prenylB(pin) 
3.84 (as seen in Scheme 3.13), however, it suffers from other issues effecting 
regioselectivity. The significantly increased amount of 3.128 as compared to reactions 
with α,α-dimethyl allylboron 3.96 suggests that problems with isomerization prior to 
reductive elimination might exist, or could alternately point to a competitive outer-sphere 
reaction.!
! Together, the results obtained when trying to extend the allyl-allyl coupling to 
establish adjacent all-carbon quaternary centers suggest that this strategy may be 
difficult. Considering the relative increase in calculated barrier heights for these types of 
couplings (3.92 and 3.93, Table 3.4), it is reasonable that the desired 3,3ʹ-pathway is no 
longer favored over other pathways leading to regioisomers or elimination products. 
Attempts to modify coupling partners, reaction conditions, and catalyst were 
unsuccessful, and never was the desired all-branched isomer of product produced in any 
observable amount. Moving forward, it is likely that substantial modifications to the 
ligand scaffold or reaction conditions might allow for the desired 3,3ʹ-pathway to again 
become operative, however, a specific solution has yet to be identified.!
!
!
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D. Use of Allylzinc Halides in Couplings to give 3,4-Disubstituted 1,5-Dienes!
! Although ineffective in the quaternary-quaternary couplings, allylzinc reagents 
were found to be a highly useful alternative to allylboron reagents in couplings to deliver 
3,4-disubstituted 1,5-dienes (Scheme 3.16). As with the disubstituted allylzinc reagents, 
these monosubstituted reagents are easily prepared from treatment of allylic chlorides 
with zinc dust and LiCl, titrated, and subsequently used as a stock solution with no 
further purification.46 As seen in equation 30, the use of crotyl ZnCl·LiCl 3.129 in the 
coupling with cinnamyl chloride to give disubstituted 3.89 allows the reaction to be run at 
low reaction temperatures with only 1% loading of catalyst 3.75. This allows for an 
increased diastereoselectivity as compared to the previous conditions (equation 31) with 
similarly excellent yields, regio- and enantioselectivities. In addition to the lowered 
catalyst loadings, use of the Zn reagents obviates the need for any added base to 
activate the nucleophile, greatly increasing the economy of the coupling. Similar results 
were seen when catalyst loadings were dropped to 0.5%, however, the reaction required 
24 hours to complete.!
! The utility of allyl zinc reagents became increasingly appealing when the 
cinnamylZnCl·LiCl 3.130 was prepared and subjected to coupling with cinnamyl chloride 
(equation 32). At 0 °C, 3,4-diphenyl product 3.90 was delivered in yields, regio-, 
diastereo- and enantioselectivities greater than for the previous conditions with cinnamyl 
B(pin) (equation 33). Moreover, the coupling was complete in only 6 hours at 0.2% 
catalyst loading, and did not require the addition of any base additive. The ability to 
lower catalyst loading and reaction times while simultaneously increasing yields and 
selectivities showcases the potential of these nucleophiles, which will undoubtedly 
continue to find great use in related couplings.!
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!
Scheme 3.16 Diastereoselective Couplings with Allylzinc Reagents!
!
  !
!
!
!
!
!
!
!
!
!
!
Ph
Cl (R)-3.75 (1%)
Ph
+
THF, −30 °C, 14 h
Me
Me
ZnCl•LiCl 90% yield
>20:1 regio
10:1 dr
>99:1 er
Ph
Cl (R)-3.75 (0.2%)
Ph
+
THF, 0 °C, 6 h
Ph
Ph
ZnCl•LiCl  >95% yield
15:1 regio
>20:1 dr
>99:1 er
compare with:
90% yield
>20:1 regio
6:1 dr
>99:1 er
80% yield
4:1 regio
14:1 dr
97:3 er
3.1
3.1
3.129
3.131
3.89
3.90
(30)
(32)
B(pin)
Pd2(dba)3 (1.25%)
(R)-3.74 (2.5%)
CsF (10 equiv)
THF, 25 oC, 14 h
Ph
Me
Me
+
Cl
(31)
Ph
Pd2(dba)3 (2.5%)
(R)-3.74 (5%)
CsF (10 equiv)
THF, 60 oC, 14 h
Ph
Ph
+
Cl
(33)
Ph
Ph
B(pin)
3.1 3.130 3.89
3.1 3.132 3.90
compare with:
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V. Conclusions!
!
! Additional mechanistic and synthetic efforts have greatly broadened the 
understanding and scope of the allyl-allyl coupling. Identification of weaknesses in the 
previous catalyst formulation has allowed for design of a significantly more active 
catalyst system. Mechanistic studies and DFT analysis of the reaction have validated 
previous proposals for the features of the reaction that lead to the high regio- and 
stereoselectivities seen experimentally. The new reaction conditions and insight have 
allowed for the extension of the coupling to the formation of products containing vicinal 
quaternary and tertiary centers as well as unique ring systems. Although these optimized 
conditions did not allow for the formation of 1,5-dienes containing adjacent quaternary 
centers, they did reveal monosubstituted allylzinc regents to be excellent coupling 
partners in the diastereoselective reaction. Together this effort should continue to inspire 
and encourage further developments in allyl-allyl and related couplings.!
!
!
!
!
!
!
!
!
!
!
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IV. Experimental!
!
A. General Information!
1H NMR spectra were recorded on a Varian Unity Inova 500 (500 MHz) or Varian 
VNMRS 600 (600 MHz) spectrometer. Chemical shifts are reported in ppm with the 
solvent resonance as the internal standard (CDCl3: 7.26 ppm). Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, p = pentet, br = broad, m = multiplet, app = apparent), and coupling constants 
(Hz). Coupling constants are reported to the nearest 0.5 Hz. 13C NMR spectra were 
recorded on a Varian Gemini-500 (125 MHz) or Varian VNMRS 600 (125 MHz) 
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm with 
the solvent resonance as the internal standard (CDCl3: 77.0 ppm). 31P NMR spectra 
were recorded on a Varian Gemini-500 (202 MHz) spectrometer with complete proton 
decoupling. Chemical shifts are reported in ppm with phosphoric acid as the external 
standard (H3PO4: 0.0 ppm). Infrared (IR) spectra were recorded on a Bruker alpha 
spectrophotometer, ʋmax cm-1. Bands are characterized as broad (br), strong (s), medium 
(m), and weak (w). High resolution mass spectrometry (ESI) was performed at the Mass 
Spectrometry Facility, Boston College. !
Liquid Chromatography was performed using forced flow (flash chromatography) 
on silica gel (SiO2, 230 × 450 Mesh) purchased from Silicycle. Thin Layer 
Chromatography was performed on 25 μm silica gel plates purchased from Silicycle. 
Visualization was performed using ultraviolet light (254 nm), potassium permanganate 
(KMnO4) in water, ceric ammonium molybdate (CAM) in water, or phosphomolybdic acid 
(PMA) in ethanol. Analytical chiral gas-liquid chromatography (GLC) was performed on a 
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Hewlett-Packard 6890 Series chromatograph equipped with a split mode capillary 
injection system, a flame ionization detector, and a Supelco β-Dex 120 column, or a 
Supelco Asta Chiraldex B-DM with helium as the carrier gas. Analytical chiral 
supercritical fluid chromatography (SFC) was performed on a Thar SFC equipped with a 
Waters 2998 photodiode array detector and an analytical-2-prep column oven with 
isopropanol  as the modifier. Optical rotations were measured on a Rudolph Analytical 
Research Autopol IV Polarimeter.!
Reaction Calorimetry was carried out in a SuperCRC reaction calorimeter in a 
glass vial equipped with a teflon-lined septum-cap and magnetic stir bar. The calorimeter 
measures the heat released or consumed in a sample vial compared with that from a 
reference vial over the course of the reaction.!
All reactions were conducted in oven- or flame-dried glassware under an inert 
atmosphere of nitrogen or argon. Hi-vacuum distillations performed at a reduced 
pressure of 2-4 mm Hg. Tetrahydrofuran (THF), Toluene (PhMe), and dichloromethane 
(DCM) were purified using a Pure Solv MD-4 solvent purification system from Innovative 
Technology Inc. by passing through two activated alumina columns after being purged 
with argon. Triethylamine (TEA) was distilled from calcium hydride. The deionized water 
used in the coupling reactions was purged with a vigorous stream of N2 for at least two 
hours prior to use. Tris(dibenzylideneacetone) dipalladium(0) [Pd2(dba)3], bis(1,5-
cyclooctadiene)nickel(0) [Ni(cod)2], Dichlorobis(benzonitr i le)pal ladium(II) 
[PdCl2(NCPh)2], tricyclohexylphosphine (PCy3), 1,2-bis(diphenylphosphino)benzene 
(dpp-Benzene), (R)-(+)-2,2′-bis(di-2-furanylphosphino)-6,6′-dimethoxy-1,1′-biphenyl 
[(R)-MeO(furyl)BIPHEP], and (S,S)-(-)-2,3-bis(t-butylmethylphosphino)quinoxaline 
[(S,S)-QuinoxP*], were purchased from Strem Chemicals, Inc. Pinacolborane (pinBH) 
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was generously donated by BASF. Allylboronic acid pinacol ester (allyl Bpin) was 
generously donated by Frontier Scientific. bis(pinacolato) diboron [B2(pin)2] was 
generously donated by Allychem. All other reagents were purchased from either Fisher 
or Aldrich and used without further purification.!
!
B. Experimental Procedures!
1. Preparation PdCl2-Ligand Complexes !49
!
  !
!
Representative Procedure: An oven-dried round-bottomed flask equipped with a 
magnetic stir bar was charged with bis(benzonitrile)palladium(II) chloride (83.9 mg, 
0.219 mmol) and toluene (12 mL) in a dry-box under argon atmosphere to form a rust-
brown solution. Also in the dry-box, an oven-dried 2 dram vial equipped with a magnetic 
stir bar was charged with (R)-(+)-2,2'-bis(di-2-furanylphosphino)-6,6'-dimethoxy-1,1'-
biphenyl [(R)-Methoxy(furyl)BIPHEP] (120 mg, 0.221 mmol) and toluene (3.0 mL). Both 
vessels were sealed with septa, removed from the dry box, and heated to 70 °C with 
stirring under a positive pressure of dry nitrogen. The solution of ligand was added 
dropwise to the stirring solution of palladium complex over five minutes. The solution 
was stirred for three hours, over the course of which a bright yellow precipitate formed. 
The solution was slowly cooled to room temperature, and additional solids were crashed 
P
POMe
OMe
O
O
2
2
P
POMe
OMe
O
O
PdCl2
2
2
PdCl2(NCPh)2 Toluene, 70 °C, 3 h
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 Modified from: Sperrie, M.; Consiglio, G. J. Am. Chem. Soc. 1995, 117, 12130.49
out of solution with the addition of pentane (30 mL). The solids were filtered away from 
the solution in a Buchner funnel with filter paper and washed with cold diethyl ether to 
yield a fine, dull yellow powder. This powder was dried for 12 hours under high-vacuum 
at 60 °C to yield a bright yellow powder (106 mg, 67% yield). The catalyst complex was 
effective without any further purification. !
!
[ (R ) - (+ ) -2 ,2 ' -b is (d i -2 - fu rany lphosph ino ) -6 ,6 ' -
dimethoxy-1,1'-biphenyl]palladium(II) dichloride 
(Compound 3.75). 1H NMR (500 MHz, CDCl3): δ 7.80 (2H, 
s), 7.483 (2H, s), 7.22 (2H, dd, J = 3.0 Hz, 3.0 Hz), 7.16 (2H, 
ddd, J = 8.0 Hz, 8.0 Hz, 3.0 Hz), 6.93 (2H, d, J = 3.0 Hz), 
6.85 (2H, dd, J = 12.5 Hz, 8.0 Hz), 6.76 (2H, d, J = 8.0 Hz), 6.45 (2H, ddd, J = 3.0 Hz, 
1.5 Hz, 1.5 Hz), 6.24-6.43 (2H, m), 3.60 (6H, s); 31P NMR (202 MHz, CDCl3): δ -11.56; 
IR (neat): 3109 (m), 3084 (m), 2937 (m), 2835 (w), 2228 (m), 1461 (s), 1267 (s), 1010 
(s);  A crystal structure of this catalyst complex has also been previously reported, see 
Appendix B.!
!
[ ( S , S ) - 2 , 3 - b i s ( t e r t - b u t y l m e t h y l p h o s p h i n o ) 
quinoxaline]palladium(II) dichloride (Compound 3.SI.1). The 
title compound was prepared via the representative procedure 
using (S,S)-2,3-bis(tert-butylmethylphosphino)quinoxaline 
((S,S)-QuinoxP*) as the ligand with the following modifications: the reaction was run at 
60 °C for three hours and the reaction was run on a 0.1 mmol scale. 1H NMR (600 MHz, 
CDCl3): δ 8.31 (2H, dd, J = 6.5 Hz, 3.5 Hz), 8.04 (2H, dd, J = 6.5 Hz, 3.5 Hz), 2.26 (3H, 
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P
POMe
OMe
O
O
PdCl2
2
2
N
N P
P
Me
t-Bu
t-Bu
Me
PdCl2
s), 2.24 (3H, s), 1.26 (9H, s), 1.23 (9H, s);  13C NMR (125 MHz, CDCl3): δ 133.3 
(apparent 2 C), 130.2 (apparent 2 C), 27.9 (apparent 6 C) (unable to detect the carbons 
adjacent to phosphorous); 31P NMR (202 MHz, CDCl3): δ 55.5; IR (neat): 2983 (w), 2961 
(m), 2922 (w), 2900 (w), 2866 (w), 2357 (w), 2344 (w), 2222 (w), 1559 (w), 1542 (w), 
1473 (m), 1459 (w), 1416 (w), 1397 (w), 1334 (w), 1192 (w), 1019 (w), 896 (m), 777 (m), 
729 (m), 644 (w);  HRMS-(ESI+) for C18H32Cl2N3P2Pd1 [M+NH4]: calculated: 530.0488, 
found: 530.0486. The resulting solid was dried at 80 °C under high vacuum overnight to 
yield 33.3 mg (65% yield) of a pale yellow/tan solid.!
!
2. Preparation of tert-Butyl Carbonates !50
!
  !
!
Representative Procedure (Compound 3.23): A flame-dried round-bottomed flask 
equipped with a magnetic stir bar was charged with THF (30.0 mL) and cinnamyl alcohol 
(1.34 g, 10 mmol) under a nitrogen atmosphere. The solution was cooled to −78 °C, and 
n-butyl lithium (10 mmol, 4.8 mL of a 2.1 M solution) was added dropwise over a period 
of 10 minutes, and the solution was stirred at −78 °C for 30 min. A separately prepared 
solution of di-tert-butyl dicarbonate (2.18 g, 10.0 mmol) dissolved in 5.0 mL of THF under 
a nitrogen atmosphere was added dropwise at −78 °C, and the solution was warmed to 
0 °C for 2 hours followed by gradual warming to room temperature overnight. The 
reaction was re-cooled to 0 °C and quenched with 100 mL of a 3:2 mixture of diethyl 
OH
Boc2O (1 equiv)
nBuLi (1 equiv)
THF
-78°C to rt
O O
O
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 Adapted from: Trost, B. M.; Fraisse, P. L.; Ball, Z. T. Angew. Chem. Int. Ed. 2002, 41, 1059.50
ether and ice water, poured into a separatory funnel and extracted into diethyl ether (3 x 
100 mL). The combined organics were dried over magnesium sulfate, filtered, and 
concentrated in vacuo. The crude reaction mixture was purified on silica gel (10:1 
pentane:diethyl ether) to afford a clear, colorless oil (1.78 g, 76% yield. Rf = 0.60 (10:1 
pentane:diethyl ether, stain in KMnO4) Spectral data are in accordance with the 
literature.50!
!
Preparation of tert-butyl (2-phenylbut-3-en-2-yl) carbonate (Compound 3.4). From 
2-phenylbut-3-en-2-ol, prepared from commercially available acetophenone as shown 
below, the representative procedure was followed with the following modifications: the 
reaction was run on a 3.0 mmol scale with 1.05 equiv n-butyl lithium and 1.5 equivalents 
of di-tert-butyl dicarbonate.  The crude reaction mixture was purified on silica gel (10:1 
pentane:diethyl ether) to afford a clear, colorless oil (714 mg, 96% yield). Rf = 0.67 (10:1 
pentane:diethyl ether, stain in KMnO4). The product was isolated as a 4:1 mixture of 
branched:linear isomers, spectral data is in accordance with the literature.2!
!
  !
!
!
!
!
!
Me
O MgBr
THF, 0°C to rt
82% Me
OH Boc2O (1.05 equiv)nBuLi (1.5 equiv)
THF
-78°C to rt
Me
O O
O
4:1 branched:linear
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3. Preparation of Substituted Allylic Chlorides !51
!
  !
!
Representative Procedure (Compound 3.7):  An oven-dried round-bottomed flask 
equipped with a magnetic stir bar was charged with dichloromethane (40 mL) and 
2‑phenylbut-3-en-2-ol (1.33 g, 9.00 mmol) under a nitrogen atmosphere. The solution 
was cooled to 0 °C and thionyl chloride (3.93 g, 2.4 mL, 36.0 mmol) was added 
dropwise. The solution was stirred at 0 °C for 2 h, then warmed to rt for 1 h. The reaction 
was quenched with ice water and extracted into dichloromethane (3 X 50 mL). The 
combined organics were dried over sodium sulfate, filtered, and concentrated in vacuo. 
The crude reaction mixture was purified by kugelrohr distillation (hi-vacuum, 140 °C) to 
afford a clear, colorless liquid (1.26 g, 85% yield). Spectral data are in accordance with 
the literature. !52
!
Preparation of (E)-1-chloro-4-(3-chloroprop-1-en-1-yl)benzene (Compound 3.97). 
From 1-(4-chlorophenyl)prop-2-en-1-ol, prepared from commercially available 
4‑chlorobenzaldehyde as shown below, the representative procedure was followed with 
the following modifications: the reaction was run on a 15.5 mmol scale with 10 
equivalents of SOCl2. After extraction and concentration in vacuo, the crude oil was 
dissolved in pentane and pushed through a plug of neutral allumina and concentrated in 
vacuo once more. The resulting wet, orange crystals were then purified by kugelrohr 
Cl
Me
OH SOCl2
DCM
 0°C to rt
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distillation (hi-vacuum, 180 °C) to afford a white, fluffy solid (966 mg, 34% yield). 
Spectral data are in accordance with the literature. !53
!
  !
!
Preparation of (E)-1-(3-chloroprop-1-en-1-yl)-4-methoxybenzene (Compound 
3.100). From 1-(4-methoxyphenyl)prop-2-en-1-ol, prepared from commercially available 
4-methoxy-benzaldehyde as shown below, the representative procedure was followed 
with the following modifications: the reaction was run on a 3.0 mmol scale with 10 
equivalents of SOCl2 to afford a off-white solid (483 mg, 87% yield). The crude product 
was used in the cross-coupling with no further purification. Spectral data are in 
accordance with the literature. !54
!
  !
!
Preparation of tert-butyl (E)-3-(3-chloroprop-1-en-1-yl)-1H-indole-1-carboxylate 
(Compound 3.101). From tert-butyl 3-(1-hydroxyallyl)-1H-indole-1-carboxylate, prepared 
from commercially available 1H-indole-3-carbaldehyde as shown below, the 
representative procedure was followed with the following modifications: the reaction was 
Cl
Cl
Cl
OH
SOCl2
DCM 
0°C to rtCl
O MgBr
THF, 0°C to rt
88%
MeO
Cl
MeO
O MgBr
THF, 0°C to rt
88% MeO
OH SOCl2
DCM
 0°C to rt
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run on a 2.0 mmol scale with only 1.6 equivalents of SOCl2 (380 mg, 3.2 mmol) and the 
addition of triethylamine (0.42 mL, 3.0 mmol) to afford a thick brown oil (561 mg, 90% 
yield). The crude product was used in the cross-coupling with no further purification.!
!
  !
!
tert-butyl (E)-3-(3-chloroprop-1-en-1-yl)-1H-indole-1-
carboxylate. (Compound 3.101).!
1H NMR (600 MHz, CDCl3): δ 8.17 (1H, s), 7.76 (1H, d, J = 8.5 
Hz), 7.66 (1H, s), 7.36 (1H, t, J = 7.8 Hz), 7.30 (1H, t, J = 6.0 
Hz), 6.77 (1H, d, J = 15.6 Hz), 6.42 (1H, dt, J = 15.6 Hz, 7.2 Hz), 
4.29 (2H, d, J = 7.2 Hz), 1.68 (9H, s);  13C NMR (125 MHz, CDCl3): δ 149.4, 135.9, 
128.4, 125.7, 125.1 (apparent 2 C), 124.8 (apparent 2 C), 123.0, 119.8, 115.4, 84.1, 
46.1, 28.2 (apparent 3 C) ;  IR (neat): 2979 (w) 2933 (w), 1732 (s), 1654 (w), 1607 (w), 
1557 (w), 1476 (w), 1451 (m), 1368 (m), 1309 (m), 1254 (w), 1232 (m), 1153 (s), 1092 
(w), 1043 (m), 1021 (w), 960 (w), 910 (w), 856 (w), 838 (w), 765 (w), 745 (m), 678 (m), 
654 (m) cm-1;  HRMS-(ESI+) for C16H19Cl1N1O2 [M+H]: calculated: 292.1104, found: 
292.1116. !
!
Preparation of (E)-(5-chloropent-3-en-1-yl)benzene (Compound 3.103). From 
5‑phenylpent-1-en-3-ol, prepared from commercially available hydrocinnamaldehyde as 
shown below, the representative procedure was followed with the following 
modifications: the reaction was run on a 5.0 mmol scale and stirred for 3 hours at room 
MgBr
THF, 0°C to rt
78%
SOCl2 (1.6 equiv)
TEA (1.5 equiv)
DCM, 0°C to rt NBoc
Cl
N
Boc
OH
N
Boc
O
N
H
O Boc2O (1.2 equiv)Bu4NHSO4 (2%)
30% NaOH sln.
DCM, 0°C to rt
86%
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temperature instead of only 1. The crude product was purified by kugelrohr distillation 
(hi-vacuum, 110 °C) to afford a clear, colorless oil (773 mg, 86% yield). Isolated as a 
83:17 mixture of linear:branched isomers, spectral data is in accordance with the 
literature. !55
!
  !
!
4. Preparation of 4,4,5,5-tetramethyl-2-(3-methylbut-2-en-1-yl)-1,3,2-dioxaborolane 
(Compound 3.84). !56
!
  !
!
! An oven-dried scintillation vial equipped with a magnetic stir bar was charged with         
Pd2(dba)3 (54.9 mg, 0.0600 mmol), bis(pinacolato)diboron (763 mg, 3.00 mmol), and 
tetrahydrofuran (1.5 mL) in a dry-box under argon atmosphere. The vial was capped and 
stirred for two minutes, then 1-chloro-3-methylbut-2-ene (314 mg, 3.00 mmol) was 
added. The vial was capped with a teflon cone-lined cap, sealed with electrical tape, 
removed from the dry-box, and heated to 60 °C and allowed to stir for 12 h. The reaction 
was then concentrated in vacuo and the crude reaction mixture was purified rapidly on 
oven-dried silica gel (fast gradient of 50:1-20:1 pentane:diethyl ether) to afford a clear, 
ClO MgBr
THF, 0°C to rt
83%
SOCl2
DCM
 0°C to rt
OH
83:17 linear:branched
Me
Me
Cl
B2(pin)2 (1 equiv)
Pd2(dba)3 (2%)
THF, 60°C
Me
Me
B(pin)
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colorless oil (364 mg, 62% yield). Rf = 0.53 (20:1 pentane:diethyl ether, stain in KMnO4). 
Spectral data are in accordance with the literature. !57
!
5. Preparation of α,α-Disubstituted and Cyclic Allylboron Reagents!
!
  !
!
Representative Procedure (Compound 3.96):  An oven-dried round-bottomed flask 
equipped with a magnetic stir bar was charged with magnesium turnings (292 mg, 12.0 
mmol), pinacol borane (HBpin) (1.28 g, 10.0 mmol), and tetrahydrofuran (15 mL) in a 
dry-box under argon atmosphere. One equivalent of 1-bromo-3-methylbut-2-ene (1.49 g, 
10.0 mmol) was added dropwise over 5 minutes with stirring, and the solution was 
capped and stirred an additional 30 minutes. A second equivalent of 1-bromo-3-
methylbut-2-ene (1.49 g, 10.0 mmol) was added dropwise, and the solution was sealed 
with a septa and electrical tape, removed from the dry-box, and stirred under nitrogen for 
an additional 2 hours at room temperature. The solution was then cooled to 0 °C, dilluted 
with hexanes (50 mL) and quenched with dropwise addition of aqueous HCl (0.1 M, 90 
mL). After stirring for 10 minutes, the solution was transferred to a separatory funnel and 
extracted with hexanes (3 X 75 mL). The combined organics were dried over 
magnesium sulfate, filtered, and concentrated in vacuo. The crude reaction mixture was 
Me
Me
Br
HB(pin) (1 equiv)
Mg0 (1.2 equiv)
THF, rt Me Me
B
O O
(2 equiv)
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purified by kugelrohr distillation (hi-vacuum, 80 °C) to afford a clear, colorless oil (1.42 g, 
72% yield). Spectral data are in accordance with the literature.46!
!
Preparation of 4,4,5,5-tetramethyl-2-(3-methylpent-1-en-3-yl)-1,3,2-dioxaborolane 
(Compound 3.105). From (E)-1-chloro-3-methylpent-2-ene, prepared from 2-butanone 
as shown below, the representative procedure was followed with the following 
modifications: the reaction was run on a 2.8 mmol scale using only one equivalent of 
chloride and 1.2 equivalents of Mg0 and HB(pin) and was run for 4 hours. The crude 
reaction mixture was purified by kugelrohr distillation (hi-vacuum, 90 °C) to afford a clear, 
colorless oil (381 mg, 64% yield).!
  !!
4,4,5,5-tetramethyl-2-(3-methylpent-1-en-3-yl)-1,3,2-dioxaborolane 
(Compound 3.105). 1H NMR (600 MHz, CDCl3): δ 5.90 (1H, dd, J = 
17.0 Hz, 9.5 Hz), 4.94 (1H, dd, J = 9.5 Hz, 1.0 Hz), 4.93 (1H, dd, J = 
17.0 Hz, 2.0 Hz), 1.53-1.60 (2H, m), 1.22 (12H, s), 1.03 (3H, s), 0.86 
(3H, dd (app t), J = 7.5 Hz, 7.5 Hz);  13C NMR (125 MHz, CDCl3): δ 145.5, 111.0, 83.1 
(apparent 2 C), 30.8, 24.7 (apparent 4 C), 24.6, 19.1, 9.9;  IR (neat): 2977 (m), 2931 (w), 
2876 (w), 1627 (w), 1458 (m), 1371 (s), 1345 (s), 1131 (s), 1262 (m), 1214 (w), 1191 (w), 
1165 (w), 1140 (s), 1113 (m), 1054 (w), 1030 (w), 1004 (w), 966 (m), 900 (s), 852 (w), 
797 (w), 697 (w), 670 (m), 579 (w) cm-1;  HRMS-(ESI+) for C12H24B1O2 [M+H]: 
calculated: 211.1869, found: 211.1870. !
Me
Cl
HB(pin) (1.2 equiv)
Mg0 (1.2 equiv)
THF, rt
Me
B
O O
(1 equiv)
Me
MeMe
Me
OH
Me Me
O MgBr
THF, 0°C to rt
52%
SOCl2
DCM
 0°C to rt
54%
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Preparation of 2-(3,7-dimethylocta-1,6-dien-3-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (Compound 3.107). From commercially available geranyl chloride, the 
representative procedure was followed with the following modifications: the reaction was 
run on a 3.0 mmol scale using only one equivalent of chloride and HB(pin) and 1.2 
equivalents of Mg0 and was run for 4 hours. The crude reaction mixture was purified by 
kugelrohr distillation (hi-vacuum, 150 °C) to afford a clear, colorless oil (495 mg, 87% 
yield).!
!
  !
!
2-(3,7-dimethylocta-1,6-dien-3-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (Compound 3.107). 1H NMR (600 MHz, CDCl3): 
δ 5.91 (1H, dd, J = 17.5 Hz, 11.5 Hz), 5.12 (1H, dd (app t), J = 
6.5 Hz, 6.5 Hz), 4.96 (1H, d, J = 11.5 Hz), 4.93 (1H, dd, J = 17.5 
Hz, 2.0 Hz), 1.67 (3H, s), 1.59 (3H, s), 1.51 (1H, dddd (app dq), J = 14.0 Hz, 6.5 Hz, 6.5 
Hz, 6.5 Hz), 1.36 (1H, dddd (app dq), J = 14.0 Hz, 6.5 Hz, 6.5 Hz, 6.5 Hz), 1.24 (2H, dd 
(app t), J = 6.5 Hz, 6.5 Hz), 1.22 (12H, s), 1.07 (3H, s);  13C NMR (125 MHz, CDCl3): δ 
145.4, 131.0, 125.1, 111.0, 83.1, 83.0, 38.3, 25.7, 24.7 (apparent 4 C), 24.6, 24.4, 19.5, 
17.5;  IR (neat): 2977 (m), 2926 (w), 1628 (w), 1457 (w), 1410 (w), 1372 (m), 1346 (m), 
1311 (s), 1273 (w), 1214 (w), 1186 (w), 1165 (w), 1143 (s), 1109 (m), 1002 (w), 976 (m), 
901 (m), 853 (m), 710 (w), 671 (w), 579 (w), 456 (w) cm-1;  HRMS-(ESI+) for C16H30B1O2 
[M+H]: calculated: 265.2399, found: 265.2346.!
Me
Cl
HB(pin) (1.0 equiv)
Mg0 (1.2 equiv)
THF, rt Me
B
O O
(1 equiv)
Me
Me
Me
Me
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Preparation of 2-(2-cyclohexylbut-3-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (Compound 3.109). From (E)-(4-chlorobut-2-en-2-yl)cyclohexane, 
prepared as shown below, the representative procedure was followed with the following 
modifications: the reaction was run on a 3.0 mmol scale using two equivalents of the 
chloride and one equivalent of the Mg0 and HB(pin), and was run for 4 hours. The crude 
reaction mixture was purified by kugelrohr distillation (hi-vacuum, 180 °C) to afford a 
clear, colorless oil (827 mg, >96% yield) as a 8:1 mixture of branched product to 
regioisomers.!
!
  !
!
2-(2-cyclohexylbut-3-en-2-y l ) -4 ,4 ,5 ,5- tetramethyl -1 ,3 ,2-
dioxaborolane (Compound 3.109). 1H NMR (600 MHz, CDCl3): δ 5.90 
(1H, dd, J = 17.5 Hz, 11.0 Hz), 4.98 (1H, dd, J = 11.0 Hz, 2.0 Hz), 4.89 
(1H, dd, J = 17.5 Hz, 1.0 Hz), 1.50-1.83 (11H, m), 1.21 (12H, s), 0.98 
(3H, s);  13C NMR (125 MHz, CDCl3): δ 145.0, 111.5, 83.0 (apparent 2 C), 44.2, 29.8, 
27.0, 26.8 (apparent 2 C), 24.7 (apparent 4 C), 24.5 (apparent 2 C), 14.3;  IR (neat): 
2977 (m), 2923 (s), 2852 (m), 1510 (w), 1448 (m), 1411 (w), 1371 (w), 1341 (m), 1311 
(s), 1271 (w), 1246 (w), 1214 (w), 1192 (w), 1140 (w), 1010 9w), 1088 (w), 984 (w), 966 
(w), 898 (w), 852 (m), 722 (w), 673 (m), 579 (w) cm-1;  HRMS-(ESI+) for C16H30B1O2 [M
+H]: calculated: 265.2339, found: 265.2350.!
!
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B
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Preparation of 4,4,5,5-tetramethyl-2-(1-vinylcyclohexyl)-1,3,2-dioxaborolane 
(Compound 3.111). From 1-(chloromethyl)cyclohex-1-ene, prepared from 
cyclohexanone as shown below, the representative procedure was followed with the 
following modifications: the reaction was run on a 4.0 mmol scale using only one 
equivalent of chloride and 1.2 equivalents of Mg0 and HB(pin) and was run for 5 hours. 
The crude reaction mixture was purified by kugelrohr distillation (hi-vacuum, 90 °C) to 
afford a clear, colorless oil (704 mg, 75% yield).!
  !!
!
4,4,5,5-tetramethyl-2-(1-vinylcyclohexyl)-1,3,2-dioxaborolane 
(Compound 3.111). 1H NMR (600 MHz, CDCl3): δ 5.78 (1H, dd, J = 17.0 
Hz, 11.5 Hz), 4.90-4.94 (2H, m), 1.95 (2H, d, J = 13.0 Hz), 1.67 (2H, dt, J 
= 14.0 Hz, 3.5 Hz), 1.26-1.34 (2H, m), 1.23 (12H, s), 1.19-1.20 (4H, m); 
13C NMR (125 MHz, CDCl3): δ 145.6, 111.1, 85.1 (apparent 2 C), 33.7, 26.4 (apparent 2 
C), 25.0, 24.8, 24.7 (apparent 4 C), 24.6;  IR (neat): 2977 (w), 2924 (w), 2852 (w), 1449 
(w), 1369 (s), 1336 (w), 1317 (w), 1306 (s), 1262 (w), 1231 (m), 1214 (w), 1165 (w), 1138 
(s), 1109 (w), 1000 (m), 969 (w), 936 (m), 899 (m), 859 (w), 844 (w), 830 (w) cm-1; 
HRMS-(ESI+) for C14H26B1O2 [M+H]: calculated: 237.2026, found: 237.2029.!
!
!
HB(pin) (1.2 equiv)
Mg0 (1.2 equiv)
THF, rt
MgBr
THF, 0°C to rt
83%
SOCl2
DCM
 0°C to rt
78%
B
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Preparation of 2-(but-3-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(Compound 3.113). From commercially available crotyl bromide, the representative 
procedure was followed on a 10 mmol scale. The crude reaction mixture was purified by 
kugelrohr distillation (hi-vacuum, 70 °C) to afford a clear, colorless oil (1.37 g, 75% 
yield). Spectral data are in accordance with the literature.46!
!
  !
!
Preparation of 4,4,5,5-tetramethyl-2-(2-methylenecyclopentyl)-1,3,2-dioxaborolane 
(Compound 3.114). From 1-(chloromethyl)cyclopent-1-ene, prepared as shown below, 
the representative procedure was followed with the following modifications: the reaction 
was run on a 2.45 mmol scale using only one equivalent of chloride and 1.2 equivalents 
of Mg0 and HB(pin) and was run for 5 hours. The crude reaction mixture was purified by 
kugelrohr distillation (hi-vacuum, 140 °C) to afford a clear, colorless oil (354 mg, 69% 
yield).!
!
  !
!
!
!
!
Me Br
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!4,4,5,5-tetramethyl-2-(2-methylenecyclopentyl)-1,3,2-dioxaborolane. 
(Compound 3.114). 1H NMR (600 MHz, CDCl3): δ 4.86 (1H, dd (app t), J = 
2.5 Hz, 2.5 Hz), 4.84 (1H, dd (app t), J = 2.0 Hz, 2.0 Hz), 2.24-2.35 (2H, m), 
2.06 (1H, dd (app t), J = 8.0 Hz, 8.0 Hz), 1.83-1.88 (1H, m), 1.66-1.78 (2H, 
m), 1.54-1.62 (1H, m), 1.24 (12H, s);  13C NMR (125 MHz, CDCl3): δ 154.6, 104.2, 83.0 
(apparent 2 C), 34.4, 29.3, 27.2, 24.8, 24.7 (apparent 2 C), 24.6 (apparent 2 C);  IR 
(neat): 2978 (w), 2951 (w), 2868 (w), 1644 (w), 1470 (w), 1450 (w), 1357 (s), 1319 (s), 
1273 (w), 1213 (w), 1167 9w), 1143 (s), 1115 (w), 1007 (w), 970 (m), 872 (m), 853 (m), 
672 (w), 579 (w) cm-1;  HRMS-(ESI+) for C12H22B1O2 [M+H]: calculated: 209.1713, 
found: 209.1722.!
!
Preparation of 4,4,5,5-tetramethyl-2-(2-methylenecyclohexyl)-1,3,2-dioxaborolane 
(Compound 3.116). From 1-(chloromethyl)cyclohex-1-ene, prepared as shown below, 
the representative procedure was followed with the following modifications: the reaction 
was run on a 3.1 mmol scale using only one equivalent of HB(pin) and 1.2 equivalents of 
Mg0 and was run for 5 hours. The crude reaction mixture was purified by kugelrohr 
distillation (hi-vacuum, 140 °C) to afford a clear, colorless oil (422 mg, 61% yield).!
!
  !
!
!
HB(pin) (1 equiv)
Mg0 (1.2 equiv)
THF, rt
SOCl2
DCM
 0°C to rt
79%
B OO
OMe
O LAH
Et2O
-78°C to 0°C
83% (2 equiv)
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4,4,5,5-tetramethyl-2-(2-methylenecyclohexyl)-1,3,2-dioxaborolane 
(Compound 3.116). 1H NMR (600 MHz, CDCl3): δ 4.64 (1H, d, J = 1.0 Hz), 
4.60 (1H, d, J = 2.5 Hz), 2.12-2.18 (2H, m), 1.91-2.01 (2H, m), 1.78-1.82 
(1H, m), 1.35-1.71 (4H, m), 1.24 (12H, s);  13C NMR (125 MHz, CDCl3): δ 
151.0, 106.6, 83.2 (apparent 2 C), 35.4, 29.7, 28.4, 25.6, 24.8, 24.7 (apparent 4 C);  IR 
(neat): 2878 (w), 2926 (m), 2855 (w), 1644 (w), 1447 (w), 1379 (m), 1360 (s), 1314 (s), 
1272 (w), 1243 (w), 1214 (w), 1186 (w), 1165 (w), 1143 (s), 1109 (w), 1064 (w), 1005 (w), 
989 (w), 965 (w), 877 (m), 863 (m), 847 (m), 819 (w), 736 9w), 671 (w), 578 (w) cm-1; 
HRMS-(ESI+) for C13H24B1O2 [M+H]: calculated: 223.1869, found: 223.1873.!
!
Preparation of 4,4,5,5-tetramethyl-2-(2-methylenecycloheptyl)-1,3,2-dioxaborolane 
(Compound 3.118). From 1-(chloromethyl)cyclohept-1-ene, prepared as shown below,52 
the representative procedure was followed with the following modifications: the reaction 
was run on a 4.64 mmol scale using only one equivalent of chloride and 1.2 equivalents 
of Mg0 and HB(pin) and was run for 5 hours. The crude reaction mixture was purified by 
kugelrohr distillation (hi-vacuum, 160 °C) to afford a clear, colorless oil (930 mg, 85% 
yield) as a 3.3:1 ratio of branched to linear product.!
!
  !
!
!
HB(pin) (1.2 equiv)
Mg0 (1.2 equiv)
THF, rt
SOCl2
DCM
 0°C to rt
61%
B OOLDA
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0°C to rt
74%
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4,4,5,5-tetramethyl-2-(2-methylenecycloheptyl)-1,3,2-dioxaborolane 
(Compound 3.118). 1H NMR (500 MHz, CDCl3): δ 4.73 (1H, dd (app t), J = 
1.0, 1.0 Hz), 4.68 (1H, dd, 2.0 Hz, 1.0 Hz), 2.30 (1H, ddd, J = 11.0 Hz, 5.5 
Hz, 2.0 Hz), 2.18 (1H, ddd, J = 10.5 Hz, 7.0 Hz, 2.5 Hz), 2.01-2.12 (2H, m), 
1.65-1.81 (3H, m), 1.55-1.61 (1H, m), 1.42-1.50 (1H, m), 1.25-1.40 (2H, m), 1.23 (12H, 
s);  13C NMR (125 MHz, CDCl3): δ 153.0, 110.5, 82.9 (apparent 2 C), 39.2, 36.1, 30.3, 
30.0, 29.2, 29.1, 24.6 (apparent 4 C) ;  IR (neat): 2977 (w), 2920 (m), 2850 (w), 1631 
(w), 1446 (w), 1370 (s), 1356 (s), 1314 (s), 1272 (w), 1214 (w), 1197 (w), 1165 (w), 1143 
(s), 1104 (w), 1005 (w), 984 (w), 877 (m), 850 (m), 737 (w), 670 (w), 579 (w) cm-1; 
HRMS-(ESI+) for C14H26B1O2 [M+H]: calculated: 237.2026, found: 237.2027.!
!
6. Experimental Procedure for Allyl-Allyl Coupling!
!
  !
!
Representative Procedure A: An oven-dried scintillation vial equipped with a magnetic 
stir bar was charged successively with with (R)-3.75 (0.3 mg, 0.4 μmol), THF (0.8 mL), 
tert-butyl cinnamyl carbonate (93.7 mg, 0.400 mmol), allylB(pin) (80.7 mg, 0.480 mmol), 
and cesium fluoride (3.1 mg, 0.020 mmol) in a dry-box under argon atmosphere. The vial 
was sealed, removed from the dry-box, and heated to 60 °C while allowing to stir for 4 h. 
After this time, the reaction mixture was diluted with diethyl ether, filtered through a plug 
of silica gel and concentrated in vacuo. The crude reaction mixture was purified on silica 
gel (pentane) to afford a clear, colorless oil (60.0 mg, 95% yield).!
Ph
B(pin)
(R)-3.75 (0.1%)
CsF (0.05 equiv)
Ph(1.2 equiv)
+
THF, 60 °C, 4hO OtBu
O
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Representative Procedure for Bench-top Reaction Setup: An oven-dried scintillation 
vial equipped with a magnetic stir bar was charged with with (R)-3.75 (0.6 mg, 0.8 μmol), 
cesium fluoride (6.1 mg, 0.040 mmol), and tert-butyl cinnamyl carbonate (187 mg, 0.800 
mmol) on the benchtop. The vial was sealed with an open-top cap with a silicon/teflon 
septum and purged with nitrogen for 15 minutes. A solution of allylB(pin) (161 mg, 0.960 
mmol) in dry THF (1.6 mL) was added under nitrogen. The vial was sealed with electrical 
tape and heated to 60 °C while allowing to stir for 4 h. After this time, the reaction 
mixture was diluted with diethyl ether, filtered through a plug of silica gel and 
concentrated in vacuo. The crude reaction mixture was purified on silica gel (pentane) to 
afford a clear, colorless oil (122 mg, >96% yield).!
!
  !
!
Representative Procedure B: An oven-dried scintillation vial equipped with a magnetic 
stir bar was charged successively with with (R)-3.75 (0.3 mg, 0.4 μmol), THF (0.8 mL), 
cinnamyl chloride (61.1 mg, 0.400 mmol), allylB(pin) (80.7 mg, 0.480 mmol), and cesium 
fluoride (182 mg, 1.20 mmol) in a dry-box under argon atmosphere. The vial was sealed, 
removed from the dry-box, and allowed to stir for 5 h at room temperature. After this 
time, the reaction mixture was diluted with diethyl ether, filtered through a plug of silica 
gel and concentrated in vacuo. The crude reaction mixture was purified on silica gel 
(pentane) to afford a clear, colorless oil (58.0 mg, 92% yield).!
!
!
Ph Cl
B(pin)
(R)-3.75 (0.1%)
CsF (3 equiv)
Ph(1.2 equiv)
+
THF, rt, 5h
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  !
!
Representative Procedure C: An oven-dried scintillation vial equipped with a magnetic 
stir bar was charged successively with with (R)-3.75 (0.4 mg, 0.5 μmol), THF (0.4 mL), 
(E)-(4-chlorobut-2-en-2-yl)benzene (33.2 mg, 0.200 mmol), allylB(pin) (40.4 mg, 0.240 
mmol), and cesium fluoride (152 mg, 1.00 mmol) in a dry-box under argon atmosphere. 
The vial was sealed with an open-top cap with a silicon/teflon septum, removed from the 
dry-box, and degassed deionized water (0.04 mL) was added under nitrogen. The vial 
was sealed with electrical tape and allowed to stir for 5 h at room temperature. After this 
time, the reaction mixture was diluted with diethyl ether, filtered through a plug of silica 
gel and concentrated in vacuo. The crude reaction mixture was purified on silica gel 
(pentane) to afford a clear, colorless oil (29.3 mg, 85% yield).!
!
  !
!
Representative Procedure D: An oven-dried scintillation vial equipped with a magnetic 
stir bar was charged successively with with (R)-3.75 (1.4 mg, 2.0 μmol), THF (0.4 mL), 
cinnamyl chloride (30.5 mg, 0.200 mmol), 4,4,5,5-tetramethyl-2-(2-methylbut-3-en-2-
yl)-1,3,2-dioxaborolane (47.1 mg, 0.240 mmol), and cesium fluoride (152 mg, 1.00 
mmol) in a dry-box under argon atmosphere. The vial was sealed, removed from the dry-
box, and allowed to stir for 14 h at room temperature. After this time, the reaction mixture 
was diluted with diethyl ether, filtered through a plug of silica gel and concentrated in 
Ph Cl
B(pin)
(R)-3.75 (0.25%)
CsF (5 equiv)
Ph(1.2 equiv)
+
10:1 THF:H2O
 rt, 5h
Me
Me
Ph Cl
(R)-3.75 (1%)
CsF (5 equiv)
Ph(1.2 equiv)
+
THF, rt, 14h
Me
B(pin)
Me
Me
Me
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vacuo. The crude reaction mixture was purified on silica gel (pentane) to afford a clear, 
colorless oil (35.3 mg, 95% yield).!
!
7. Characterization of Products and Analysis of Stereochemistry!
!
(S)-hexa-1,5-dien-3-ylbenzene (Compound 3.73). The title compound 
was prepared via representative procedure B for allyl-allyl coupling. The 
crude reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil (58.1 mg, 92% yield). Rf = 0.68 (pentane, stain in 
KMnO4). Spectral data are in accordance with the literature. !58
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to racemic material prepared by using 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (rac-BINAP) as the ligand in the allyl-allyl coupling reaction. The absolute 
stereochemistry for the product of allyl-allyl coupling with (R)-(+)-2,2'-bis(di-2-
furanylphosphino)-6,6'-dimethoxy-1,1'-biphenyl [(R)-Methoxy(furyl)BIPHEP] has been 
previously proven.58!
!
!
!
!
!
 212
 Zhang, P.; Brozek, L. A.; Morken, J. P. J. Am. Chem. Soc. 2010, 132, 10686.58
Chiral GLC (CD-BDM, Supelco, 50 °C for 10 min, ramp 0.25 °C/min to 100 °C for 10 
min, 20 psi) - analysis of title compound.!
               !
 
  !
!
  !
  !
!
(S)-(3-methylhexa-1,5-dien-3-yl)benzene (Compound 3.6). The title 
compound was prepared via representative procedure C for allyl-allyl 
coupling. The crude reaction mixture was purified on silica gel (pentane) 
to afford a clear, colorless oil (29.3 mg, 85% yield). Rf = 0.83 (pentane, 
stain in KMnO4). Spectral data are in accordance with the literature.2!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 01-May-13, 17:12:27                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 5/1/2013 3:43:27 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-133RAC3.D\DA.M (CD-BDM.M)
Last changed    : 10/23/2013 11:44:36 AM by Hai Le
                  (modified after loading)
Sample Info     : CD-BDM, 40 degrees for 10 min, .25 deg/min to 100, post
                   run: 10 mins at 120,  20 psi, sr= 35:1
                  
 
min97 98 99 100 101 102
pA
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5.4
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 FID1 A,  (MIKE ARDOLINO\MJA-V-133RAC3.D)
  A
rea
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-133RAC3.D
Sample Name: MJA-V-133rac3
Instrument 2 10/23/2013 11:44:40 AM Hai Le Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 02-May-13, 12:32:33                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 5/2/2013 11:58:38 AM by Mike Ardolino
                 (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-272.D\DA.M (CD-BDM.M)
Last changed    : 10/23/2013 11:47:17 AM by Hai Le
                  (modified after loading)
Sample Info     : CD-BDM, 40 degrees for 10 min, .25 deg/min to 70, post 
                  run: 10 mins at 120,  20 psi, sr= 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-272.D
Sample Name: MJA-V-272
Instrument 2 10/23/2013 11:47:18 AM Hai Le Page 1 of 2
                 Racemic Sample                                         Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area    Heigh      Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  98.956 MF    0.3575    7.68600 3.58281e-1  2.89154
   2  99.609 FM    0.7947  258.12347    5.41350 97.10846
 
Totals :                   265.80947    5.77178
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-272.D
Sample Name: MJA-V-272
Instrument 2 10/23/2013 11:47:18 AM Hai Le Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 02-May-13, 16:18:24                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 5/2/2013 2:52:37 PM by Mike Ardolino
                (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-272SPIKE.D\DA.M (CD-BDM.M)
Last changed    : 10/23/2013 11:48:57 AM by Hai Le
                  (modified after loading)
Sample Info     : CD-BDM, 40 degrees for 10 min, .25 deg/min to 70, post 
                  run: 10 mins at 120,  20 psi, sr= 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-272SPIKE.D
Sample Name: MJA-V-272spike
Instrument 2 10/23/2013 11:49:09 AM Hai Le Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
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Me
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to racemic material prepared by using 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (rac-BINAP) as the ligand in the allyl-allyl coupling reaction. The absolute 
stereochemistry for the product of allyl-allyl coupling with (R)-(+)-2,2'-bis(di-2-
furanylphosphino)-6,6'-dimethoxy-1,1'-biphenyl [(R)-Methoxy(furyl)BIPHEP] has been 
previously proven.2!
!
Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 0.25 °C/min to 100 °C for 20 min, 20 
psi) - analysis of title compound.!
!
               !
 
  !
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 06-Feb-13, 11:09:02                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 2/6/2013 11:07:04 AM by Liang Zhang
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 11:52:56 AM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg C for 10 min, .25 deg/min to 100, 20 m
                  in, 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-148RAC.D
Sample Name: MJA-V-148RAC.D
Instrument 1 10/23/2013 11:52:58 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 01-Jul-13, 12:55:31                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/1/2013 12:49:36 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 11:54:21 AM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, .25 deg/min to 100, 20psi
                  , sr = 35:1
                  
 
min143 143.5 144 144.5 145 145.5 146 146.5 147 147.5
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 FID1 A,  (MIKE ARDOLINO\MJA-VI-38.D)
  A
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-38.D
Sample Name: MJA-VI-38
Instrument 1 10/23/2013 11:54:33 AM Mike Ardolino Page 1 of 2
                 Racemic Sample                                             Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 144.486 MM    0.4269   23.46618 9.16100e-1  2.11362
   2 145.452 MM    0.7656 1086.76807   23.65905 97.88638
 
Totals :                  1110.23424   24.57515
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-38.D
Sample Name: MJA-VI-38
Instrument 1 10/23/2013 11:54:33 AM Mike Ardolino Page 2 of 2
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  !
  !
!
!
(R)-(4,4-dimethylhexa-1,5-dien-3-yl)benzene (Compound 3.85). The 
title compound was prepared via representative procedure D for allyl-
allyl coupling.  1H NMR (500 MHz, CDCl3): δ 7.27 (2H, dd (app t), J = 
8.0 Hz, 8.0 Hz), 7.20 (1H, dd (app t), J = 8.0 Hz, 8.0 Hz), 7.17 (2H, dd 
(app t), J = 8.0 Hz, 8.0 Hz), 6.20 (1H, ddd (app dt), J = 17.0 Hz, 10.0 Hz, 10.0 Hz), 5.87 
(1H, dd, J = 17.5 Hz, 10.5 Hz), 5.09 (1H, dd, J = 10.0 Hz, 2.0 Hz), 5.03 (1H, dd, J = 17.0 
Hz, 2.0 Hz), 5.00 (1H, dd, J = 10.5 Hz, 1.5 Hz), 4.89 (1H, dd, J = 17.5 Hz, 1.5 Hz), 3.10 
(1H, d, J = 10.0 Hz), 1.03 (3H, s), 0.96 (3H, s);  13C NMR (125 MHz, CDCl3): δ 146.0, 
142.0, 138.7, 129.3 (apparent 2 C), 127.7 (apparent 2 C), 126.1, 116.4, 111.8, 61.0, 
39.8, 25.9, 25.2;  IR (neat): 3081 (w), 3028 (w), 3006 (m), 2963 (w), 2928 (w), 2873 (w), 
1637 (w), 1493 (w), 1453 (w), 1170 (w), 1072 (w), 994 (m), 912 (s), 783 (w), 732 (m), 
701 (s), 668 (w), 521 (w) cm-1;  HRMS-(ESI+) for C14H19 [M+H]: calculated: 187.1487, 
found: 187.1489. [α]22D = + 76.8 (c = 1.66, CHCl3). The crude reaction mixture was 
purified on silica gel (pentane) to afford a clear, colorless oil (35.3 mg, 95% yield). Rf = 
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 20-Jun-13, 14:50:31                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 6/20/2013 2:45:59 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 11:55:24 AM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, ramp .25 deg C/min to 100
                  , post 140 for 10 mins , 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-35SPIKE.D
Sample Name: MJA-VI-35spike
Instrument 1 10/23/2013 11:55:26 AM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
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Me
Me
0.78 (pentane, stain in KMnO4). Spectral data are also in accordance with the 
literature. !59
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to racemic material prepared by using 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (rac-BINAP) as the ligand in the allyl-allyl coupling reaction. The absolute 
stereochemistry was assigned by analogy to product 3.73.!
!
Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 1 °C/min to 120 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
 
  !
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 10-Jul-13, 17:21:29                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/10/2013 6:27:14 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 11:56:44 AM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 120, 20psi, 
                  sr = 35:1
                  
 
min70 70.25 70.5 70.75 71 71.25 71.5 71.75 72 72.25
pA
2.5
3
3.5
4
4.5
5
5.5
 FID1 A,  (MIKE ARDOLINO\MJA-VI-54RAC.D)
  A
rea
: 3
3.0
39
3
 7
0.
69
9
  A
rea
: 3
2.9
96
6
 7
1.
76
6
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-54RAC.D
Sample Name: MJA-VI-54rac
Instrument 1 10/23/2013 11:56:46 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 11-Jul-13, 08:47:15                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/11/2013 8:44:50 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 11:57:36 AM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 120, 20psi, 
                  sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-44.D
Sample Name: MJA-VI-44
Instrument 1 10/23/2013 11:57:38 AM Mike Ardolino Page 1 of 2
                 Racemic Sample                                             Enantioenriched Sample Signal 1: FID1 A, 
 
Peak R tTime Type  Width     Area Height    Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  70.661 MM    0.1648   49.32411    4.98884  1.98702
   2  71.515 MM    0.2400 2432.99634  168.98608 98.01298
 
Totals :                  2482.32045  173.97493
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-44.D
Sample Name: MJA-VI-44
Instrument 1 10/23/2013 11:57:38 AM Mike Ardolino Page 2 of 2
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 Hosomi, A.; Imai, T.; Endo, M.; Sakurai, H. J. Organomet. Chem. 1985, 285, 95.59
  !
  !
(R)-1-chloro-4-(4,4-dimethylhexa-1,5-dien-3-yl)benzene 
(Compound 3.98). The title compound was prepared via 
representative procedure D for allyl-allyl coupling utilizing (E)-1-
chloro-4-(3-chloroprop-1-en-1-yl)benzene. !
1H NMR (500 MHz, CDCl3): δ 7.23 (2H, ddd (app dt), J = 8.0 Hz, 2.0 Hz, 2.0 Hz), 7.08 
(2H, ddd (app dt), J = 8.0 Hz, 2.0 Hz, 2.0 Hz), 6.13 (1H, ddd, J = 17.0 Hz, 10.5 Hz, 9.0 
Hz), 5.82 (1H, dd, J = 17.5 Hz, 10.5 Hz), 5.10 (1H, dd, J = 10.5 Hz, 2.0 Hz), 5.02 (1H, 
ddd (app dt), J = 17.0 Hz, 2.0 Hz, 2.0 Hz), 5.00 (1H, dd, J = 10.5 Hz, 1.5 Hz), 4.87 (1H, 
dd, J = 17.5 Hz, 1.5 Hz), 3.08 (1H, d, J = 9.0 Hz), 1.01 (3H, s), 0.93 (3H, s);  13C NMR 
(125 MHz, CDCl3): δ 145.5, 140.5, 138.2, 131.9, 130.6 (apparent 2 C), 127.8 (apparent 
2 C), 116.8, 112.3, 60.3, 39.8, 25.8, 25.2;  IR (neat): 3081 (w), 2965 (m), 2928 (w), 2873 
(w), 1637 (w), 1491 (s), 1461 (w), 1414 (w), 1406 (w), 1379 (w), 1363 (w), 1170 (w), 
1092 (w), 1014 (m), 994 (m), 914 (s), 826 (s), 763 (m), 717 (w), 522 (m) cm-1;  HRMS-
(ESI+) for C14H18Cl [M+H]: calculated: 221.1097, found: 221.1104. [α]22D = + 93.4 (c = 
1.28, CHCl3). The crude reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil (40.5 mg, 92% yield). Rf = 0.74 (pentane, stain in KMnO4).!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 11-Jul-13, 10:39:37                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/11/2013 10:27:18 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 11:58:14 AM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 120, 20psi, 
                  sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-44SPIKE.D
Sample Name: MJA-VI-44spike
Instrument 1 10/23/2013 11:58:16 AM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
 217
Me
Me
Cl
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to racemic material prepared by using 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (rac-BINAP) as the ligand in the allyl-allyl coupling reaction. The absolute 
stereochemistry was assigned by analogy to compound 3.73.!
!
Chiral GLC (β-dex, Supelco, 50 °C for 50 min, ramp 1 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
!
               !
 
  !
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 22-Jul-13, 10:39:48                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/22/2013 12:43:34 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 12:00:14 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 140 for
                   10 mins,post run: 180 for 20 mins, 20psi, sr = 35:1
                  
 
min96.5 96.75 97 97.25 97.5 97.75 98 98.25 98.5 98.75
pA
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 FID1 A,  (MIKE ARDOLINO\MJA-VI-76RAC.D)
  A
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-76RAC.D
Sample Name: MJA-VI-76rac
Instrument 1 10/23/2013 12:00:16 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 22-Jul-13, 13:26:25                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/22/2013 1:03:40 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 12:01:33 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 140 for
                   10 mins,post run: 180 for 20 mins, 20psi, sr = 35:1
                  
 
min96.5 96.75 97 97.25 97.5 97.75 98 98.25 98.5 98.75
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 FID1 A,  (MIKE ARDOLINO\MJA-VI-71.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-71.D
Sample Name: MJA-VI-71
Instrument 1 10/23/2013 12:01:36 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                                             Enantioenriched Sample 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height    Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  97.247 MM    0.1578   40.99323   4.33084  2.36815
   2  97.850 MM    0.2270 1690.03235  124.09972 97.63185
 
Totals :                  1731.02558  128.43056
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-71.D
Sample Name: MJA-VI-71
Instrument 1 10/23/2013 12:01:36 PM Mike Ardolino Page 2 of 2
 218
  !
  !
!
!
!
(R)-1-(4,4-dimethylhexa-1,5-dien-3-yl)-4-methoxybenzene 
(Compound 3.100). The title compound was prepared via 
representative procedure D for allyl-allyl coupling with (E)-1-(3-
chloroprop-1-en-1-yl)-4-methoxybenzene.  !
1H NMR (500 MHz, CDCl3): δ 7.07 (2H, ddd (app dt), J = 9.0 Hz, 2.5 Hz, 2.5 Hz), 6.81 
(2H, ddd (app dt), J = 9.0 Hz, 2.5 Hz, 2.5 Hz), 6.15 (1H, ddd, J = 17.5 Hz, 10.5 Hz, 9.5 
Hz), 5.85 (1H, dd, J = 17.5, 10.5 Hz), 5.24 (1H, dd, J = 10.0 Hz, 2.5 Hz), 5.18 (1H, ddd, J 
= 17.0 Hz, 2.0 Hz, 1.0 Hz), 5.16 (1H, dd, J = 10.5 Hz, 1.5 Hz), 5.05 (1H, dd, J = 17.5 Hz, 
1.5 Hz), 3.79 (3H, s), 3.05 (1H, d, J = 9.5 Hz), 1.00 (3H, s), 0.94 (3H, s);  13C NMR (125 
MHz, CDCl3): δ 157.9, 146.2, 138.9, 134.2, 130.1 (apparent 2 C), 116.1, 113.1 (apparent 
2 C), 111.8, 60.0, 55.2, 39.9, 25.9, 25.1;  IR (neat): 3079 (w), 2961 (m), 2931 (w), 2835 
(w), 1637 (w), 1610 (m), 1582 (w), 1510 (s), 1464 (w), 1442 (w), 1414 (w), 1378 (w), 
1362 (w), 1332 (w), 1301 (w), 1268 (s), 1245 (m), 1179 (m), 1123 (m), 1100 (m), 1038 
(m), 995 (s), 919 (w), 828 (w), 781 (w), 765 (w), 686 (w), 644 (w), 579 (w), 540 (w) cm-1; 
HRMS-(ESI+) for C15H21O1 [M+H]: calculated: 217.1592, found: 217.1598. [α]22D = + 
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 25-Jul-13, 11:43:22                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/25/2013 10:54:37 AM by Ryan Coombs
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 12:02:30 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 10 mins
                  , post run: 180 for 20 mins, 20psi, sr = 35:1
                  
 
min96.5 96.75 97 97.25 97.5 97.75 98 98.25 98.5 98.75
pA
0
10
20
30
40
50
60
 FID1 A,  (MIKE ARDOLINO\MJA-VI-80SPIKE.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-80SPIKE.D
Sample Name: MJA-VI-80spike
Instrument 1 10/23/2013 12:02:32 PM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
 219
Me
Me
O
81.7 (c = 0.55, CHCl3). The crude reaction mixture was purified on silica gel (pentane) to 
afford a clear, colorless oil (19.4 mg, 90% yield). Rf = 0.15 (pentane, stain in KMnO4).!
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to racemic material prepared by using 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (rac-BINAP) as the ligand in the allyl-allyl coupling reaction. The absolute 
stereochemistry was assigned by analogy to product 3.73.!
!
Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 1 °C/min to 160 °C for 10 min, 20 
psi) - analysis of title compound.!
!
!
               !
 
  !
!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 23-Jul-13, 08:41:01                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/23/2013 8:40:07 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 12:04:21 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 160, 140 for
                   60 mins,post run: 180 for 20 mins, 20psi, sr = 35:1
                  
 
min105 105.2 105.4 105.6 105.8 106 106.2 106.4 106.6 106.8
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 FID1 A,  (MIKE ARDOLINO\MJA-VI-77RAC.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-77RAC.D
Sample Name: MJA-VI-77rac
Instrument 1 10/23/2013 12:04:23 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 24-Jul-13, 08:29:27                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/24/2013 8:12:35 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 12:05:27 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 160, 160 for
                   10 mins,post run: 180 for 20 mins, 20psi, sr = 35:1
                  
 
min105 105.2 105.4 105.6 105.8 106 106.2 106.4 106.6 106.8
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-81.D
Sample Name: MJA-VI-81
Instrument 1 10/23/2013 12:05:33 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                                             Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Ar a      Height    Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 105.617 MM    0.1576   16.10371    1.70270  2.17293
   2 106.060 MM    0.1682  725.00079   71.83309 97.82707
 
Totals :                   741.10450   73.53579
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-81 D
Sample Name: MJA-VI-81
Instrument 1 10/23/2013 12:05:33 PM Mike Ardolino Page 2 of 2
 220
  !
  !
!
!
tert-butyl (R)-3-(4,4-dimethylhexa-1,5-dien-3-yl)-1H-indole-1-
carboxylate (Compound 3.103). The title compound was prepared 
via representative procedure D for allyl-allyl coupling with tert-butyl 
(E)-3-(3-chloroprop-1-en-1-yl)-1H-indole-1-carboxylate. 1H NMR (500 
MHz, CDCl3): δ 8.09 (1H, s (br)), 7.57 (1H, d, J = 7.5 Hz), 7.41 (1H, s 
(br)), 7.29 (1H, ddd (app dt), J = 8.0 Hz, 8.0 Hz, 1.5 Hz), 7.22 (1H, ddd (app dt), J = 8.0 
Hz, 8.0 Hz, 1.5 Hz), 6.11 (1H, ddd, J = 18.0 Hz, 9.5 Hz, 9.0 Hz), 5.97 (1H, dd, J = 17.0 
Hz, 11.0 Hz), 5.04-5.07 (2H, m), 5.02 (1H, dd, J = 10.5 Hz, 1.5 Hz), 4.98 (1H, dd, J = 
17.0 Hz, 1.5 Hz), 3.44 (1H, d, J = 9.0 Hz), 1.68 (9H, s), 1.10 (3H, s), 1.05 (3H, s);  13C 
NMR (125 MHz, CDCl3): δ 146.2, 138.2, 131.3, 124.1, 123.1, 122.1, 121.0, 119.8, 115.9, 
115.1 (apparent 2 C), 112.0, 110.0, 83.5, 51.1, 40.2, 28.2 (apparent 3 C), 25.9, 25.2;  IR 
(neat): 2975 (m), 2930 (w), 7314 (s), 1706 (w), 1637 (w), 1474 (w), 1452 (m), 1415 (w), 
1368 (s), 1308 (w), 1252 (m), 1219 (w), 1156 (s), 1071 (m), 1017 (w), 913 (m), 860 (w), 
839 (w), 767 (m), 744 (m) cm-1;  HRMS-(ESI+) for C21H28N1O2 [M+H]: calculated: 
362.2118, found: 326.2120. [α]22D = + 29.7 (c = 1.78, CHCl3). The crude reaction mixture 
was purified on silica gel (50:1 pentane:diethyl ether) to afford a clear, colorless oil (53.3 
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 24-Jul-13, 11:17:54                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/24/2013 10:59:30 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 12:06:11 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 160, 160 for
                   10 mins,post run: 180 for 20 mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-81SPIKE.D
Sample Name: MJA-VI-81spike
Instrument 1 10/23/2013 12:06:13 PM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
 221
N
Boc
Me
Me
silica gel (50:1 pentane:diethyl ether) to afford a clear, colorless oil (53.3 mg, 82% yield). 
Rf = 0.38 (50:1 pentane:diethyl ether, stain in KMnO4).!
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by SFC analysis of the title compound as 
compared to racemic material prepared by using 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (rac-BINAP) as the ligand in the allyl-allyl coupling reaction. The absolute 
stereochemistry was assigned by analogy to product 3.73.!
!
Chiral SFC (ODR-H, Chiralpak, 1.5 mL/min, 1.0% i-PrOH, 100 bar, 35 °C) - analysis of 
title compound.!
!
!
               !
 
  !
!
!
!
                 Racemic Sample                                             Enantioenriched Sample
 222
  !
  !
!
!
((3R,4R)-4-ethyl-4-methylhexa-1,5-dien-3-yl)benzene (Compound 
3.106). The title compound was prepared via representative procedure 
D for allyl-allyl coupling with 4,4,5,5-tetramethyl-2-(3-methylpent-1-en-3-
yl)-1,3,2-dioxaborolane (Compound 20) and cinnamyl chloride. 1H NMR 
(500 MHz, CDCl3): δ 7.26 (2H, dd (app t), J = 8.0 Hz, 8.0 Hz), 7.15-7.21 (3H, m), 6.19 
(1H, ddd (app dt), J = 17.0 Hz, 10.0 Hz, 10.0 Hz), 5.76 (1H, dd, J = 18.0 Hz, 11.0 Hz), 
5.13 (1H, dd, J = 11.0 Hz, 1.5 Hz), 5.08 (1H, dd, J = 17.0 Hz, 2.0 Hz), 5.02 (1H, dd, J = 
11.0 Hz, 2.0 Hz), 4.86 (1H, dd, J = 18.0 Hz, 2.5 Hz), 3.17 (1H, d, J = 9.0 Hz), 1.49 (1H, 
dq, J = 14.0 Hz, 7.5 Hz), 1.32 (1H, dq, J = 14.0 Hz, 7.5 Hz, 0.87 (3H, s), 0.79 (3H, dd 
(app t), J = 7.5 Hz, 7.5 Hz);  13C NMR (125 MHz, CDCl3): δ 144.5, 141.9, 138.6, 129.6 
(apparent 2 C), 127.6 (apparent 2 C), 126.1, 116.2, 113.7, 60.1, 43.3, 31.4, 19.4, 8.4;  IR 
(neat): 3081 (w), 3028 (w), 2968 (m), 2934 (w), 2879 (w), 1637 (w), 1601 (w), 1492 (w), 
1453 (m), 1414 (w), 1378 (w), 1135 (w), 1072 (w), 1061 (m), 1031 (w), 995 (w), 913 (s), 
775 (w), 730 (m), 701 (s), 668 (w), 522 (w), 511 (w) cm-1;  HRMS-(ESI+) for C15H21 [M
+H]: calculated: 201.1643, found: 201.1643. [α]22D = + 75.5 (c = 0.96, CHCl3). The crude 
reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil (38.4 
mg, 96% yield). Rf = 0.75 (pentane, stain in KMnO4).!
Co-Injection of Racemic and !
Enantioenriched Samples
 223
Me
Me
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to racemic material prepared by using 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (rac-BINAP) as the ligand in the allyl-allyl coupling reaction. The absolute 
stereochemistry was assigned by analogy to products 3.73 and 3.108. !
!
Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 0.25 °C/min to 120 °C for 20 min, 20 
psi) - analysis of title compound.!
!
!
               !
 
  !
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                   Location : Vial 1
Injection Date  : 08-Jun-13, 10:06:09                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 6/8/2013 9:26:05 AM by Ryan Coombs
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:34:07 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 for 10 min, .25 to 120, 20 min, 20psi, sr 
                  = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-26RAC.D
Sample Name: MJA-VI-26rac
Instrument 1 10/23/2013 2:34:09 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 09-Jul-13, 08:59:44                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/9/2013 12:36:18 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:35:16 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, .25 deg/min to 120, 20psi
                  , sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-43.D
Sample Name: MJA-VI-43
Instrument 1 10/23/2013 2:35:31 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                                             Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area    Height    Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 201.058 MM    0.5059   19.38857 6.38724e-1  1.52298
   2 205.013 MF    0.6559 1253.68225   31.85507 98.47702
 
Totals :                  1273.07082   32.49379
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-43 D
Sample Name: MJA-VI-43
Instrument 1 10/23/2013 2:35:31 PM Mike Ardolino Page 2 of 2
 224
  !
  !
!
((3R,4R)-4,8-dimethyl-4-vinylnona-1,7-dien-3-yl)benzene 
(Compound 3.108). The title compound was prepared via 
representative procedure D for allyl-allyl coupling with 2-(3,7-
dimethylocta-1,6-dien-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (Compound 22) and 
cinnamyl chloride. 1H NMR (500 MHz, CDCl3): δ 7.25 (2H, ddd (app dt), J = 7.5 Hz, 7.5 
Hz, 1.5 Hz), 7.17-7.21 (1H, m), 7.15 (2H, dd (app t), J = 7.5 Hz, 7.5 Hz), 6.18 (1H, ddd 
(app dt), J = 17.0 Hz, 10.0 Hz, 10.0 Hz), 5.78 (1H, dd, J = 17.5 Hz, 10.5 Hz), 4.99-5.13 
(4H, m), 4.87 (1H, dd, J = 18.0 Hz, 1.5 Hz), 3.15 (1H, dd, J = 18.0 Hz, 1.5 Hz), 1.84-1.92 
(2H, m), 1.67 (3H, d, J = 1.0 Hz), 1.57 (3H, s), 1.39-1.45 (1H, m), 1.26-1.34 (1H, m), 
0.91 (3H, s);  13C NMR (125 MHz, CDCl3): δ 144.5, 141.8, 138.6, 129.6, 127.7 (apparent 
4 C), 126.1, 124.9, 116.4, 113.7, 60.4, 42.7, 39.0, 25.7, 22.8, 20.1, 17.6;  IR (neat): 3080 
(w), 3029 (w), 2969 (m), 2922 (m), 2856 (w), 1636 (w), 1492 (w), 1453 (m), 1414 (w), 
1374 (m), 1159 (w), 1121 (w), 1071 (w), 1030 (w), 995 (m), 913 (s), 828 (w), 782 (w), 
734 (m), 702 (s), 669 (w), 523 (w) cm-1;  HRMS-(ESI+) for C19H27 [M+H]: calculated: 
255.2107, found: 255.2113. [α]22D = + 26.5 (c = 0.92, CHCl3). The crude reaction mixture 
was purified on silica gel (pentane) to afford a clear, colorless oil (46.7 mg, 92% yield). Rf 
= 0.64 (pentane, stain in KMnO4).!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 10-Jul-13, 12:56:00                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/10/2013 12:55:03 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:36:20 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, .25 deg/min to 120, 20psi
                  , sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-43SPIKE.D
Sample Name: MJA-VI-43spike
Instrument 1 10/23/2013 2:36:23 PM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
 225
Me
Me
Me
!
Analysis of Stereochemistry:!
! The title compound was treated with Hoveyda-Grubbs second generation 
catalyst to afford the ring closing metathesis product for GC analysis and determination 
of relative stereochemistry as depicted below. The analogous racemic material was 
prepared via the same route, using 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (rac-
BINAP) as the ligand in the allyl-allyl coupling reaction.!
!
  !
!
! The absolute stereochemistry was assigned by analogy to compound 3a. The 
relative stereochemistry was determined by NOESY analysis of the ring-closing 
metathesis product. The following NOE was observed:!
!
(1R,2R)-2-methyl-2-vinyl-1,2,3,4-tetrahydro-1,1'-biphenyl (Compound 
3.SI.2).!
1H NMR (600 MHz, CDCl3): δ 7.25 (2H, dd (app t), J = 7.0 Hz, 7.0 Hz), 
7.19 (1H, dd, (app t), J = 7.5 Hz, 7.5 Hz), 7.14 (2H, dd (app t), J = 8.0 Hz, 8.0 Hz), 
5.87-5.91 (1H, m), 5.81 (1H, dd, J = 17.5 Hz, 11.0 Hz), 5.68-5.70 (1H, m), 4.80 (1H, dd, 
J = 11.0 Hz, 1.0 Hz), 4.75 (1H, dd, J = 17.5 Hz, 2.0 Hz), 3.20-3.22 (1H, m), 2.23-2.30 
Me
Me
Me HG-II (12%)
C6H6, 60 oC, 20 h PhMe
 226
Me
H
PhMe
(1H, m), 2.12-2.18 (1H, m), 1.69 (1H, ddd (app dt), J = 13.0 Hz, 7.0 Hz, 7.0 Hz), 1.54 
(1H, ddd (app dt), J = 13.0 Hz, 7.0 Hz, 7.0 Hz), 1.13 (3H, s);  13C NMR (125 MHz, 
CDCl3): δ 144.4, 142.3, 130.0 (apparent 2 C), 129.4, 127.3 (apparent 2 C), 126.9, 126.1, 
111.5, 52.4, 38.7, 32.5, 25.1, 22.8;  IR (neat): 3082 (w), 3061 (w), 3024 (w), 2959 (m), 
2923 (w), 2871 (w), 2848 (w), 2363 (w), 1637 (w), 1491 (w), 1452 (m), 1434 (w), 1416 
(w), 1371 (w), 1006 (m), 911 (w), 757 (m), 702 (s), 668 (w), 532 (w) cm-1;  HRMS-(ESI+) 
for C15H19 [M+H]: calculated: 199.1487, found: 199.1484. [α]22D = − 114.3 (c = 1.00, 
CHCl3). The crude reaction mixture was purified on silica gel (pentane) to afford a clear, 
colorless oil (3.0 mg, 33% yield). Rf = 0.66 (pentane, stain in KMnO4).!
!
Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 1 °C/min to 120 °C for 10 min, then 
0.5 deg/min to 150 °C, 60 min, 20 psi) - analysis of RCM product 3.SI.2.!
!
               !
 
  !
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 11-Oct-13, 13:45:10                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/11/2013 1:33:13 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:38:28 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg/10 min, then 1 deg/min to 120, 10 min,
                   then 0.5 deg/min to 150, 120 min deg, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-154RAC2.D
Sample Name: MJA-VI-154rac2
Instrument 1 10/23/2013 2:38:37 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 15-Oct-13, 10:06:00                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/15/2013 9:51:11 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:40:02 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg/10 min, then 1 deg/min to 120, 10 min,
                   then 0.5 deg/min to 150, 120 min deg, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-155.D
Sample Name: MJA-VI-155
Instrument 1 10/23/2013 2:40:06 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                                             Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 106.925 MM    0.2545    5.91858 3.87627e-1  1.70330
   2 109.428 MM    0.2718  341.55917   20.94393 98.29670
 
Totals :                   347.47775   21.33156
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-155.D
Sample Name: MJA-VI-155
Instrument 1 10/23/2013 2:40:06 PM Mike Ardolino Page 2 of 2
 227
  !
  !
!
!
(R)-(1-(1-vinylcyclohexyl)allyl)benzene (Compound 3.112). The title 
compound was prepared via representative procedure D for allyl-allyl 
coupling with 4,4,5,5-tetramethyl-2-(3-methylpent-1-en-3-yl)-1,3,2-
dioxaborolane (Compound 18) and cinnamyl chloride. 1H NMR (500 
MHz, CDCl3): δ 7.24 (2H, dd (app t), J = 7.0 Hz, 7.0 Hz), 7.17 (1H, dddd (app tt), J = 7.5 
Hz, 7.5 Hz, 1.5 Hz, 1.5 Hz), 7.15 (2H, dd (app t), J = 7.0 Hz, 7.0 Hz), 6.14 (1H, ddd (app 
dt), J = 7.0 Hz, 7.0 Hz), 5.54 (1H, dd, J = 18.0 Hz, 11.0 Hz), 5.26 (1H, dd, J = 11.5 Hz, 
1.5 Hz), 5.06 (1H, dd, J = 10.0 Hz, 2.0 Hz), 5.02 (1H, dd, J = 17.0 Hz, 2.0 Hz), 4.89 (1H, 
dd, J = 18.0 Hz, 3.0 Hz), 3.12 (1H, d, J = 9.5 Hz), 1.83 (1H, d, J = 13.5 Hz), 1.38-1.53 
(4H, m), 1.19-1.36 (5H, m);  13C NMR (125 MHz, CDCl3): δ 142.8, 141.7, 138.6, 129.5 
(apparent 2 C), 127.5 (apparent 2 C), 126.1, 116.0, 115.6, 42.6, 35.0, 34.3, 26.4 
(apparent 2 C), 22.2 (apparent 2 C);  IR (neat): 3077 (w), 3028 (w), 2976 (w), 2931 (s), 
2853 (m), 1635 (w), 1601 (w), 1492 (w), 1452 (m), 1416 (w), 995 (m), 913 (s), 731 (m), 
701 (s), 669 (w), 522 (w) cm-1;  HRMS-(ESI+) for C17H23 [M+H]: calculated: 227.1780, 
found: 227.1807;  [α]22D = + 70.3 (c = 0.91, CHCl3). The crude reaction mixture was 
purified on silica gel (pentane) to afford a clear, colorless oil (38.4 mg, 85% yield). Rf = 
0.75 (pentane, stain in KMnO4).!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 15-Oct-13, 17:55:20                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/15/2013 5:48:52 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:40:55 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg/10 min, then 1 deg/min to 120, 10 min,
                   then 0.5 deg/min to 150, 120 min deg, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-155SPIKE.D
Sample Name: MJA-VI-155spike
Instrument 1 10/23/2013 2:41:00 PM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
 228
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to racemic material prepared by using 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (rac-BINAP) as the ligand in the allyl-allyl coupling reaction. The absolute 
stereochemistry was assigned by analogy to product 3.73.!
!
Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 1 °C/min to 140 °C for 60 min, 20 
psi) - analysis of title compound.!
!
       !
 
  !
!
  !
  !
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 13-Aug-13, 12:15:36                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/13/2013 12:14:35 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:30:27 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 60 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-103RAC.D
Sample Name: MJA-VI-103rac
Instrument 1 10/23/2013 2:30:30 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 13-Aug-13, 15:19:52                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/13/2013 2:52:46 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:31:19 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 60 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-102.D
Sample Name: MJA-VI-102
Instrument 1 10/23/2013 2:31:27 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                            Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 126.332 MM    0.3354    7.65214 3.80289e-1  2.74583
   2 127.642 MM    0.3695  271.03003   12.22556 97.25417
 
Totals :                   278.68217   12.60585
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-102.D
Sample Name: MJA-VI-102
Instrument 1 10/23/2013 2:31:27 PM Mike Ardolino Page 2 of 2
=====================================================================
Acq. Operator  : Mike Ardolino              
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 13-Aug-13, 18:22:59                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/13/2013 6:09:56 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:32:06 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 60 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-102SPIKE.D
Sample Name: MJA-VI-102spike
Instrument 1 10/23/2013 2:32:11 PM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
 229
((3R,4R)-3,4-dimethylhexa-1,5-dien-3-yl)benzene (Compound 3.91). 
The title compound was prepared via representative procedure D for 
allyl-allyl coupling with 2-(but-3-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane and (E)-(4-chlorobut-2-en-2-yl)benzene. 1H NMR (500 MHz, CDCl3): δ 
7.22-7.29 (4H, m), 7.17 (1H, dddd (app tt), J = 7.0 Hz, 7.0 Hz, 1.5 Hz, 1.5 Hz,), 6.10 (1H, 
dd, J = 17.5 Hz, 11.5 Hz), 5.68 (1H, ddd, J = 18.0 Hz, 11.0 Hz, 7.0 Hz), 5.15 (1H, dd, J = 
10.5 Hz, 1.5 Hz), 4.96-5.03 (3H, m), 2.66 (1H, dqdd (app dqt), J = 7.0 Hz, 7.0 Hz, 1.5 
Hz, 1.5 Hz), 1.29 (3H, s), 0.80 (3H, d, J = 7.0 Hz);  13C NMR (125 MHz, CDCl3): δ 145.1, 
140.9, 128.0 (apparent 2 C), 126.9 (apparent 2 C), 126.7, 125.7, 114.8, 113.2, 45.7, 
38.1, 21.1, 14.5;  IR (neat): 3082 (w), 3060 (w), 3021 (w), 2975 (w), 2931 (m), 2877 (w), 
1636 (w), 1600 (w), 1493 (w), 1445 (w), 1413 (w), 1374 (w), 1079 (w), 1030 (w), 1000 
(w), 912 (s), 761 (w), 732 (m), 699 (s), 542 (w) cm-1;  HRMS-(ESI+) for C14H19 [M+H]: 
calculated: 187.1487, found: 187.1491. [α]22D = + 63.8 (c = 0.775, CHCl3). The crude 
reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil (27.5 
mg, 74% yield). Rf = 0.73 (pentane, stain in KMnO4).!
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to the ana logous racemic mate r ia l , p repared us ing 1 ,2 -
bis(diphenylphosphino)benzene as the ligand in the allyl-allyl coupling reaction. The 
absolute stereochemistry was assigned by analogy to compounds 3.73 and 3.108.!
!
!
!
 230
Me
Me
Chiral GLC (β-dex, Supelco, 40 °C for 10 min, ramp 1 °C/min to 90 °C for 60 min, 20 psi) 
- analysis of title compound.!
!
               !
  !
!
  !
!
!
  !
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 06-Sep-13, 14:04:50                 Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 9/6/2013 1:46:48 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:43:17 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 40 deg/10 min, then 1 deg/min to 90, 120 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-96RAC5.D
Sample Name: MJA-VI-96rac5
Instrument 1 10/23/2013 2:43:20 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 07-Sep-13, 09:31:03                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 9/7/2013 9:25:39 AM by Hai Le
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:44:39 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 40 deg/10 min, then 1 deg/min to 90, for 60 m
                  ins, post run: 180 for 20 mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-84.D
Sample Name: MJA-VI-84
Instrument 1 10/23/2013 2:44:44 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                                            Enantioenriched Sample
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area     Height    Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 112.002 MM    0.3373    1.28432 6.34539e-2  0.23931
   2 112.850 MM    0.6032  535.39044   14.79390 99.76069
 
Totals :                   536.67476   14.85735
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-84.D
Sample Name: MJA-VI-84
Instrument 1 10/23/2013 2:44:44 PM Mike Ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 07-Sep-13, 12:06:37                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 9/7/2013 11:53:47 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 2:45:38 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 40 deg/10 min, then 1 deg/min to 90, for 60 m
                  ins, post run: 180 for 20 mins, 20psi, sr = 35:1
                  
 
min107 108 109 110 111 112 113 114
pA
2.5
3
3.5
4
4.5
5
5.5
 FID1 A,  (MIKE ARDOLINO\MJA-VI-84SPIKE.D)
  A
rea
: 4
2.2
26
7
 1
12
.0
59
  A
rea
: 1
07
.71
3
 1
13
.1
26
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-84SPIKE.D
Sample Name: MJA-VI-84spike
Instrument 1 10/23/2013 2:45:40 PM Mike Ardolino Page 1 of 2
 231
Co-Injection of Racemic and !
Enantioenriched Samples
((3R,4R)-4-methylhexa-1,5-dien-3-yl)benzene (Compound 3.90). The 
title compound was prepared via representative procedure A for allyl-
allyl coupling with 2-(but-3-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane and tert-butyl cinnamyl carbonate. The crude reaction mixture was 
purified on silica gel (pentane) to afford a clear, colorless oil (95.7 mg, 90% yield). Rf = 
0.45 (pentane, stain in KMnO4). Spectral data are in accordance with the literature. !60
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to the ana logous racemic mate r ia l , p repared us ing 1 ,2 -
bis(diphenylphosphino)benzene as the ligand in the allyl-allyl coupling reaction. The 
absolute stereochemistry has been previously proven.60!
!
!
!
!
!
!
!
!
!
!
!
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 Brozek, L. A.; Ardolino, M. J.; Morken, J. P. J. Am. Chem. Soc. 2011, 133, 16778.60
Me
Chiral GLC (CD-BDM, Supelco, 50 °C for 10 min, ramp 1 °C/min to 110 °C for 20 min, 20 
psi) - analysis of title compound.!
!
!
               !
  !
!
  !
!
!
  !
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 11-Jul-13, 08:46:30                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 7/11/2013 8:45:11 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-131RAC2.D\DA.M (CD-BDM.M)
Last changed    : 10/23/2013 2:47:14 PM by Hai Le
                  (modified after loading)
Sample Info     : CD-BDM, 50 degrees, ramp 1 deg/min to 110, 110 for 20 m
                  in, post run: 10 mins at 120,  20 psi, sr= 35:1
                  
 
min45 46 47 48 49 50
pA
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
 FID1 A,  (MIKE ARDOLINO\MJA-V-131RAC2.D)
  A
rea
: 4
8.5
83
 4
7.
57
1
  A
rea
: 4
8.1
54
5
 4
9.
09
8
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-131RAC2.D
Sample Name: MJA-V-131rac2
Instrument 2 10/23/2013 2:47:16 PM Hai Le Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 23-Oct-13, 16:41:56                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 10/23/2013 4:29:04 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\AEN-I-149.D\DA.M (BETA-DEX.M)
Last changed    : 10/23/2013 5:40:15 PM by Hai Le
                  (modified after loading)
Sample Info     : CD-BDM, 50 degrees, 10 min, 1 deg/min to 100 deg, post 
                  run:10 mins at 120,  20 PSI, sr= 35:1
                  
 
min45 46 47 48 49 50
pA
6
8
10
12
14
 FID1 A,  (MIKE ARDOLINO\MJA-V-172_3.D)
  A
rea
: 1
.63
64
5
 4
7.
55
1
  A
rea
: 1
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.49
2
 4
8.
99
0
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-172_3.D
Sample Name: MJA-V-172_3
Instrument 2 10/23/2013 5:40:32 PM Hai Le Page 1 of 2
                 Racemic Sample                                            Enantioenriched Sample
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  47.551 FM    0.1619    1.63645 1.68470e-1  1.35101
   2  48.990 MF    0.2125  119.49178    9.37170 98.64899
 
Totals :                   121.12824    9.54017
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-172_3.D
Sample Name: MJA-V-172_3
Instrument 2 10/23/2013 5:40:32 PM Hai Le Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 11-Jul-13, 13:19:20                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 7/11/2013 12:10:27 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-VI-52SPIKE.D\DA.M (CD-BDM.M)
Last changed    : 10/23/2013 3:20:50 PM by Hai Le
                  (modified after loading)
Sample Info     : CD-BDM, 50 degrees, ramp 1 deg/min to 110, 110 for 20 m
                  in, post run: 10 mins at 120,  20 psi, sr= 35:1
                  
 
min45 46 47 48 49 50
pA
6
8
10
12
14
 FID1 A,  (MIKE ARDOLINO\MJA-VI-52SPIKE.D)
  A
rea
: 2
4.2
99
 4
7.
58
3
  A
rea
: 1
19
.72
9
 4
9.
04
4
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-VI-52SPIKE.D
Sample Name: MJA-VI-52spike
Instrument 2 10/23/2013 3:20:56 PM Hai Le Page 1 of 2
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Co-Injection of Racemic and !
Enantioenriched Samples
((R)-1-((S)-2-methylenecyclopentyl)allyl)benzene (Compound 
3.115). The title compound was prepared via representative procedure 
D fo r a l l y l -a l l y l coup l ing w i th 4 ,4 ,5 ,5 - te t ramethy l -2 - (2 -
methylenecyclopentyl)-1,3,2-dioxaborolane and cinnamyl chloride with 
the following modification: the reaction was run for 24 hours. 1H NMR (500 MHz, CDCl3): 
δ 7.29 (2H, dddd (app tt), J = 7.5 Hz, 7.5 Hz, 1.5 Hz, 1.5 Hz), 7.19 (3H, dd (app t), J = 
7.5 Hz, 7.5 Hz), 6.11 (1H, ddd (app dt), J = 17.5 Hz, 9.5 Hz, 9.5 Hz), 5.07 (1H, ddd (app 
dt), J = 10.5 Hz, 1.5 Hz, 1.5 Hz), 5.00 (1H, ddd (app dt), J = 17.5 Hz, 1.5 Hz, 1.5 Hz), 
4.96 (1H, s (br)), 4.91 (1H, s (br)), 3.28 (1H, dd (app t), J = 8.5 Hz, 8.5 Hz), 2.79-2.84 
(1H, m), 2.18-2.34 (2H, m), 1.56-1.66 (2H, m), 1.45-1.54 (1H, m), 1.30-1.37 (1H, m);  13C 
NMR (125 MHz, CDCl3): δ 154.1, 143.6, 141.4, 128.3 (apparent 2 C), 128.2 (apparent 2 
C), 126.0, 115.0, 107.2, 53.6, 48.3, 33.5, 31.0, 23.7;  IR (neat): 3078 (w), 3027 (w), 2954 
(m), 2868 (w), 1650 (w), 1638 (w), 1600 (w), 1492 (w), 1451 (w), 1434 (w), 1414 (w), 
991 (w), 912 (m), 883 (m), 755 (m), 699 (s), 673 (w), 523 (w) cm-1;  HRMS-(ESI+) for 
C15H19 [M+H]: calculated: 199.1487, found: 199.1485. [α]22D = − 46.3 (c = 0.92, CHCl3). 
The crude reaction mixture was purified on silica gel (pentane) to afford a clear, colorless 
oil (38.0 mg, 96% yield). Rf = 0.69 (pentane, stain in KMnO4).!
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to the ana logous racemic mate r ia l , p repared us ing 1 ,2 -
bis(diphenylphosphino)benzene as the ligand in the allyl-allyl coupling reaction. The 
absolute stereochemistry was assigned by analogy to compounds 3.117 and 3.90.!
!
 234
!
Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 1 °C/min to 140 °C for 30 min, 20 
psi) - analysis of title compound.!
!
!
               !
 
  !
!
!
  !
  !
!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Aug-13, 12:34:08                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/19/2013 12:33:01 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:22:41 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 30 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
                  
 
min96 96.2 96.4 96.6 96.8 97 97.2 97.4 97.6 97.8
pA
5
10
15
20
25
30
35
40
45
 FID1 A,  (MIKE ARDOLINO\MJA-VI-113RAC.D)
  A
rea
: 4
69
.75
3
 9
6.
84
7
  A
rea
: 4
71
.6
 9
7.
31
8
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-113RAC.D
Sample Name: MJA-VI-113rac
Instrument 1 10/23/2013 3:22:43 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 24-Aug-13, 09:46:14                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/24/2013 9:33:05 AM by Chris Schuster
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:23:36 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 30 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
                  
 
min96 96.2 96.4 96.6 96.8 97 97.2 97.4 97.6 97.8
pA
0
20
40
60
80
100
120
140
 FID1 A,  (MIKE ARDOLINO\MJA-VI-127.D)
  A
rea
: 6
.31
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1
 9
6.
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8
  A
rea
: 1
89
4.0
7
 9
7.
25
5
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-127.D
Sample Name: MJA-VI-127
Instrument 1 10/23/2013 3:23:40 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                                             Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  96.828 MM    0.1386    6.31041 7.58823e-1  0.33206
   2  97.255 MM    0.1994 1894.06775  158.30048 99.66794
 
Totals :                  1900.37816  159.05930
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-127.D
Sample Name: MJA-VI-127
Instrument 1 10/23/2013 3:23:40 PM Mike Ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 24-Aug-13, 12:25:43                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/24/2013 11:56:16 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:24:14 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 30 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
                  
 
min96 96.2 96.4 96.6 96.8 97 97.2 97.4 97.6 97.8
pA
0
20
40
60
80
100
120
 FID1 A,  (MIKE ARDOLINO\MJA-VI-127SPIKE.D)
  A
rea
: 8
25
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9
 9
6.
79
5
  A
rea
: 1
69
7.2
 9
7.
22
7
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-127SPIKE.D
Sample Name: MJA-VI-127spike
Instrument 1 10/23/2013 3:24:16 PM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
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((R)-1-((S)-2-methylenecyclohexyl)allyl)benzene (Compound 3.117). 
The title compound was prepared via representative procedure D for 
a l l y l - a l l y l c o u p l i n g w i t h 4 , 4 , 5 , 5 - t e t r a m e t h y l - 2 - ( 2 -
methylenecyclohexyl)-1,3,2-dioxaborolane and cinnamyl chloride with 
the following modification: the reaction was run for 24 hours on a 0.5 mmol scale. 1H 
NMR (500 MHz, CDCl3): δ 7.31 (2H, dd (app t), J = 7.5 Hz, 7.5 Hz), 7.21 (3H, dd (app t), 
J = 7.5 Hz, 7.5 Hz), 5.95 (1H, ddd, J = 17.0 Hz, 10.0 Hz, 8.5 Hz), 4.94 (1H, dd, J = 10.5 
Hz, 1.5 Hz), 4.89 (1H, dd, J = 17.0 Hz, 1.0 Hz), 4.77 (1H, s (br)), 4.73 (1H, d, J = 2.5 
Hz), 3.53 (1H, dd, J = 11.5 Hz, 8.5 Hz), 2.56 (1H, ddd (app dt), J = 11.5 Hz, 4.5 Hz, 4.5 
Hz), 2.16-2.19 (2H, m), 1.75-1.80 (1H, m), 1.56-1.65 (1H, m), 1.37-1.46 (2H, m), 1.33 
(2H, dddd (app p), J = 4.0 Hz, 4.0 Hz, 4.0 Hz, 4.0 Hz);  13C NMR (125 MHz, CDCl3): δ 
150.7, 143.7, 141.7, 128.5 (apparent 2 C), 128.1 (apparent 2 C), 126.2, 114.0, 108.8, 
50.1, 48.4, 32.7, 30.1, 28.6, 21.6;  IR (neat): 3065 (w), 3027 (w), 2977 (w), 2929 (s), 
2855 (m), 1646 (w), 1600 (w), 1492 (w), 1448 (w), 1410 (m), 1070 (w), 986 (w), 909 (w), 
888 (m), 857 (m), 779 (w), 750 (m), 699 (s), 674 (w), 577 (w), 521 (w) cm-1;  HRMS-(ESI
+) for C16H21 [M+H]: calculated: 213.1643, found: 213.1651. [α]22D = + 60.6 (c = 1.55, 
CHCl3). The crude reaction mixture was purified on silica gel (pentane) to afford a clear, 
colorless oil (100 mg, 94% yield). Rf = 0.63 (pentane, stain in KMnO4).!
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to the ana logous racemic mate r ia l , p repared us ing 1 ,2 -
bis(diphenylphosphino)benzene as the ligand in the allyl-allyl coupling reaction. The 
 236
relative stereochemistry was assigned as shown below. The absolute stereochemistry 
was assigned by analogy to compound 3.90.!
!
Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 0.5 °C/min to 120 °C for 40 min, 20 
psi) - analysis of title compound.!
!
!
               !
  !
  !
!
!
  !
  !
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 01-Mar-13, 10:39:00                 Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 3/1/2013 1:00:59 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:29:56 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg C for 10 min, .5 deg/min to 120, 20 mi
                  n, 20 psi, sr = 35:1
                  
 
min178 179 180 181 182 183 184
pA
3
4
5
6
7
8
9
 FID1 A,  (MIKE ARDOLINO\MJA-V-189RAC.D)
  A
rea
: 2
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8
 1
80
.2
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  A
rea
: 1
99
.41
9
 1
82
.5
89
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-189RAC.D
Sample Name: MJA-V-189rac
Instrument 1 10/23/2013 3:29:59 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 12-Jul-13, 10:46:49                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/12/2013 10:45:18 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:25:48 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, .5 deg/min to 120, 40 min
                  , 20psi, sr = 35:1
                  
 
min178 179 180 181 182 183 184
pA
5
10
15
20
25
 FID1 A,  (MIKE ARDOLINO\MJA-VI-56.D)
  A
rea
: 7
.42
51
3
 1
80
.0
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  A
rea
: 7
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2
 1
82
.4
44
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-56.D
Sample Name: MJA-VI-56
Instrument 1 10/23/2013 3:25:51 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                                             Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Ar a    Height    Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 180.053 MM    0.7482    7.42513 1.65393e-1  0.95757
   2 182.444 MM    0.5607  767.99182   22.82834 99.04243
 
Totals :                   775.41695   22.99373
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-56 D
Sample Name: MJA-VI-56
Instrument 1 10/23/2013 3:25:51 PM Mike Ardolino Page 2 of 2
=====================================================================
Acq. Operator   : ike Ardolino              
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 12-Jul-13, 14:30:41                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/12/2013 2:14:40 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:30:54 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, .5 deg/min to 120, 40 min
                  , 20psi, sr = 35:1
                  
 
min178 179 180 181 182 183 184
pA
3
4
5
6
7
8
 FID1 A,  (MIKE ARDOLINO\MJA-VI-56SPIKE.D)
  A
rea
: 1
10
.42
7
 1
80
.3
11
  A
rea
: 1
77
.33
9
 1
82
.6
41
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-56SPIKE.D
Sample Name: MJA-VI-56spike
Instrument 1 10/23/2013 3:30:57 PM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
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Proof of Relative Stereochemistry!
! The title compound was subjected to ozonolysis/reduction as shown below. A 
crystal structure of the resulting diol was obtained, which showed an anti-relationship 
between the phenyl group and the unsubstituted methylene unit of the cyclohexane as 
shown.!
!
  !
  !
!
!
(1S,2S)-2-((R)-2-hydroxy-1-phenylethyl)cyclohexan-1-ol 
(Compound 3.SI.3).!
1H NMR (500 MHz, CDCl3): δ 7.31 (2H, dd (app t), J = 8.0 Hz, 8.0 
Hz), 7.22 (1H, dddd, app tt), J = 7.0 Hz, 7.0 Hz, 1.5 Hz, 1.5 Hz), 
7.18-7.19 (2H, m), 4.26 (1H, s (br)), 4.00 (1H, dd, J = 11.0 Hz, 7.0 Hz), 3.81 (1H, dd, J = 
11.0 Hz, 5.5 Hz), 2.77-2.82 (1H, m), 2.23 (2H, s (br)), 1.89-1.93 (1H, s), 1.69-1.75 (1H, 
m), 1.43-1.65 (4H, m), 1.26-1.35 (1H, m), 1.08-1.17 (2H, m);  13C NMR (125 MHz, 
1) O3, DCM/MeOH
 −78 °C
2) NaBH4, 
−78 °C to rt
OH
OH >20:1 dr
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OH
OH
CDCl3): δ 142.6, 128.6 (apparent 2 C), 128.3 (apparent 2 C), 126.6, 67.0, 65.6, 50.7, 
45.0, 33.4, 25.8, 25.6, 20.1;  IR (neat): 3342 (m, br), 3083 (w), 3061 (w), 3026 (w), 2927 
(s), 2855 (m), 2363 (w), 1601 (w),  1493 (w), 1449 (m), 1074 (w), 1002 (m), 968 (m), 910 
(w), 885 (w), 756 (m), 701 (s), 669 (w) cm-1;  HRMS-(ESI+) for C14H21O2 [M+H]: 
calculated: 221.1542, found: 221.1550. [α]22D = + 10.3 (c = 1.31, CHCl3). The crude 
reaction mixture was purified on silica gel (2:1 diethyl ether:pentane) to afford a clear, 
colorless oil (26.2 mg, 25% yield). Rf = 0.14 (2:1 diethyl ether: pentane, stain in KMnO4).!
!
(S)-1-methylene-2-((R)-1-phenylallyl)cycloheptane (Compound 
3.119). The title compound was prepared via representative procedure 
D fo r a l l y l -a l l y l coup l ing w i th 4 ,4 ,5 ,5 - te t ramethy l -2 - (2 -
methylenecycloheptyl)-1,3,2-dioxaborolane and cinnamyl chloride with 
the following modification: the reaction was run for 24 hours. 1H NMR (500 MHz, CDCl3): 
δ 7.30 (2H, dd (app t), J = 8.0 Hz, 8.0 Hz), 7.18-7.21 (3H, m), 5.99 (1H, ddd, J = 17.0 
Hz, 10.0 Hz, 8.0 Hz), 4.94 (1H, ddd (app dt), J = 10.0 Hz, 1.0 Hz, 1.0 Hz), 4.91 (1H, d, J 
= 2.0 Hz), 4.84 (1H, ddd, J = 17.0 Hz, 2.0 Hz, 1.0 Hz), 4.73 (1H, d, J = 1.5 Hz), 3.16 (1H, 
dd (app t), J = 9.0 Hz, 9.0 Hz), 2.63 (1H, ddd (app dt), J = 10.5 Hz, 10.5 Hz, 6.0 Hz), 
2.23 (1H, ddd (app dt), J = 10.0 Hz, 5.0 Hz, 5.0 Hz),1.95 (ddd (app dt)), J = 12.0 Hz, 
12.0 Hz, 3.5 Hz), 1.81-1.84 (1H, m),  1.70-1.73 (1H, m), 1.51-1.60 (2H, m), 1.29-1.38 
(1H, m), 1.15-1.27 (2H, m), 1.02-1.10 (1H, m);  13C NMR (125 MHz, CDCl3): δ 152.3, 
143.5, 141.7, 128.3 (apparent 2 C), 128.2 (apparent 2 C), 126.1, 114.3, 114.1, 55.5, 
51.7, 33.0, 32.4, 31.4, 30.5, 25.9;  IR (neat): 3064 (w), 3027 (w), 2976 (w), 2923 (s), 
2852 (m), 1638 (w), 1601 (w), 1493 (w), 1450 (m), 1414 (w), 986 (w), 908 (m), 893 (m), 
883 (m), 852 (w), 826 (w), 763 (w), 728 (w), 699 (w), 677 (w), 527 (w) cm-1;  HRMS-(ESI
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+) for C17H23 [M+H]: calculated: 227.1800, found: 227.1800. [α]22D = + 11.5 (c = 1.16, 
CHCl3). The crude reaction mixture was purified on silica gel (pentane) to afford a clear, 
colorless oil (43.4 mg, 96% yield). Rf = 0.61 (pentane, stain in KMnO4).!
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to the ana logous racemic mate r ia l , p repared us ing 1 ,2 -
bis(diphenylphosphino)benzene as the ligand in the allyl-allyl coupling reaction. The 
absolute stereochemistry was assigned by analogy to compounds 3.117 and 3.90.!
!
Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 1 °C/min to 140 °C for 90 min, 20 
psi) - analysis of title compound.!
!
!
               !
 
  !
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 22-Aug-13, 12:37:38                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/22/2013 11:55:15 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:32:03 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 90 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
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  A
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-123RAC.D
Sample Name: MJA-VI-123rac
Instrument 1 10/23/2013 3:32:06 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 23-Aug-13, 11:42:05                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/23/2013 1:44:22 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:33:01 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 90 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-129.D
Sample Name: MJA-VI-129
Instrument 1 10/23/2013 3:33:06 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                                            Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 127.153 MM    0.2721    1.35084 8.27535e-2  0.15310
   2 128.831 MM    0.3903  880.98737   37.62112 99.84690
 
Totals :                   882.33821   37.70388
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-129.D
Sample Name: MJA-VI-129
Instrument 1 10/23/2013 3:33:06 PM Mike Ardolino Page 2 of 2
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  !
  !
!
!
(R)-1-methylene-2-((S)-5-phenylpent-1-en-3-yl)cycloheptane 
(Compound 3.120). The title compound was prepared via 
representative procedure C for allyl-allyl coupling with 4,4,5,5-
tetramethyl-2-(2-methylenecycloheptyl)-1,3,2-dioxaborolane and (E)-
(5-chloropent-3-en-1-yl)benzene. The reaction was run with the following modifications: 
the react ion was run for 24 hours wi th 1 mol% [ (S,S ) -2 ,3-b is ( ter t -
butylmethylphosphino)quinoxaline]palladium(II) dichloride as the catalyst and 10 
equivalents of CsF. 1H NMR (500 MHz, CDCl3): δ 7.27 (2H, dd (app t), J = 7.5 Hz, 7.5 
Hz), 7.16-7.19 (3H, m), 5.52 (1H, ddd (app dt), J = 17.0 Hz, 10.5 Hz, 10.5 Hz), 5.05 (1H, 
dd, J = 10.5 Hz, 2.5 Hz), 4.96 (1H, dd, J = 17.5 Hz, 2.0 Hz), 4.85 (1H, d,  J = 2.5 Hz), 
4.68 (1H, d, J = 2.0 Hz), 2.62-2.69 (1H, m), 2.47 (1H, ddd, J = 14.0 Hz, 10.5 Hz, 6.5 Hz), 
2.30 (1H, ddd (app dt), J = 10.5 Hz, 5.5 Hz, 5.5 Hz), 2.17-2.22 (1H, m), 1.98 (1H, dddd 
(app tt), J = 9.5 Hz, 9.5 Hz, 4.5 Hz, 4.5 Hz), 1.68-1.91 (6H, m), 1.56-1.65 (1H, m), 
1.33-1.40 (1H, m), 1.17-1.23 (3H, m);  13C NMR (125 MHz, CDCl3): δ 253.2, 143.0, 
141.2, 128.4 (apparent 2 C), 128.2 (apparent 2 C), 125.5, 115.4, 113.6, 50.7, 49.9, 34.5, 
34.3, 33.9, 32.4, 31.5, 31.1, 26.3;  IR (neat): 3065 (w), 3026 (w), 2975 (w), 2921 (s), 
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 23-Aug-13, 14:14:21                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/23/2013 2:07:08 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:33:43 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 140, 90 min,
                   post run: 180 for 10 mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-129SPIKE.D
Sample Name: MJA-VI-129spike
Instrument 1 10/23/2013 3:33:54 PM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
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Ph
2852 (m), 1637 (w), 1604 (w), 1495 (w), 1452 (w), 1420 (w), 1004 (w), 911 (m), 893 (m), 
793 (w), 747 (w), 698 (s) cm-1;  HRMS-(ESI+) for C19H27 [M+H]: calculated: 255.2113, 
found: 255.2102. [α]22D = + 76.9 (c = 0.93, CHCl3). The crude reaction mixture was 
purified on silica gel (pentane) to afford a clear, colorless oil (41.7 mg, 82% yield). Rf = 
0.75 (pentane, stain in KMnO4).!
!
Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to the ana logous racemic mate r ia l , p repared us ing 1 ,2 -
bis(diphenylphosphino)benzene as the ligand in the allyl-allyl coupling reaction. The 
absolute stereochemistry was assigned by analogy to compounds 3.117 and 3.90. In 
related diastereoselective allyl-allyl couplings, (R,R)-QuinoxP* is known to give the same 
absolute stereochemistry as (R)-Methoxy(furyl)BIPHEP, therefore the catalyst derived 
from the (S,S)-QuinoxP* ligand should give the opposite enantiomer as with the (R)-
Methoxy(furyl)BIPHEP.60!
!
!
!
!
!
!
!
!
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Chiral GLC (β-dex, Supelco, 50 °C for 10 min, ramp 1 °C/min to 120 °C for 10 min, then 
ramp 0.25 °C/min to 160 °C for 10 min, 20 psi) - analysis of title compound.!
!
!
               !
  !
  !
!
!
  !
  !
!
!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 29-Aug-13, 12:56:16                  Inj :   1
                                               Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/29/2013 12:08:54 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:35:06 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 120, 10 min,
                   then 0.25 deg/min to 180, 60 min, post run: 180 for 10
                   mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-132RAC4.D
Sample Name: MJA-VI-132rac4
Instrument 1 10/23/2013 3:35:08 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 30-Aug-13, 08:33:42                  Inj :   1
                                             Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/30/2013 8:08:04 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:36:30 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 120, 10 min,
                   then 0.25 deg/min to 180, 60 min, post run: 180 for 10
                   mins, 20psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-131.D
Sample Name: MJA-VI-131
Instrument 1 10/23/2013 3:36:31 PM Mike Ardolino Page 1 of 2
                 Racemic Sample                                             Enantioenriched Sample Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 227.267 MM    0.5191  423.29474   13.59040 99.73059
   2 228.610 MM    0.3587    1.14347 5.31343e-2  0.26941
 
Totals :                   424.43821   13.64354
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-131.D
Sample Name: MJA-VI-131
Instrument 1 10/23/2013 3:36:31 PM Mike Ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 03-Sep-13, 14:57:05                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 9/3/2013 1:57:46 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 10/23/2013 3:37:07 PM by Mike Ardolino
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 50 deg for 10 mins, 1 deg/min to 120, 10 min,
                   0.25 deg/min to 160, post run: 180 for 10 mins, 20psi,
                   sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-VI-128SPIKE.D
Sample Name: MJA-VI-128spike
Instrument 1 10/23/2013 3:37:09 PM Mike Ardolino Page 1 of 2
Co-Injection of Racemic and !
Enantioenriched Samples
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C. Calorimeter Experiments!
!
Representative Procedure for Allyl-Allyl Couplings in Calorimetry Study!
!
! Sample Vial: An oven-dried calorimeter vial equipped with a magnetic stir bar 
was charged successively with (R)-3.75 (0.6 mg, 0.8 μmol), THF (1.4 mL), allylB(pin) 
(161 mg, 0.960 mmol), and cesium fluoride (6.1 mg, 40 μmol) in a dry-box under argon 
atmosphere.!
!
! Reference Vial: An oven-dried calorimeter vial equipped with a magnetic stir bar 
was charged successively with THF (1.4 mL), allylB(pin) (161 mg, 0.960 mmol), and 
cesium fluoride (6.1 mg, 40 μmol) in a dry-box under argon atmosphere.!
!
! Both vials were sealed with a teflon-lined silicon septum cap and electrical tape 
and removed from the dry-box. The vials were placed in an Omnical SuperCRC 
calorimeter with vigorous stirring (450-480 rpm). A solution of tert-butyl cinnamyl 
carbonate (187 mg, 0.800 mmol) in dry THF (0.2 mL) was prepared under nitrogen and 
taken up in a 500 μL syringe which was placed in the sample syringe inlet and pushed 
through the septum of the sample vial but not injected. A second solution of tert-butyl 
cinnamyl carbonate (187 mg, 0.800 mmol) in dry THF (0.2 mL) was prepared under 
nitrogen and taken up in a 500 μL syringe, which was placed in the reference syringe 
inlet and pushed through the septum of the reference vial but not injected. The system 
was then warmed to 60 °C and allowed to stand for 30-60 minutes until thermal 
equilibrium was achieved. The reaction was then initiated by addition of the contents of 
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both syringes simultaneously and rapidly to each vial. The microsyringes were not 
removed from the vials, and the top of the calorimeter was covered to fully insulate the 
system. The reaction was allowed to run without disturbance until the reaction showed 
no further heat output. After the reaction was complete, the instrument was re-
equilibrated and a correction factor to account for the heat flow lag of the instrument was 
performed. The reaction vials were removed from the calorimeter, cooled, and the 
reaction mixture was analyzed to confirm full conversion of the reaction vial and no 
conversion in the reference vial. The data from the calorimeter was then analyzed using 
Microsoft Excel.!
!
D. Deuterium Labeling Studies!
!
Preparation of Labeled Allylboron Reagent!
Preparation of (R,Z)-oct-1-en-1-D-3-ol!
!
  !
!
! From commercially available (R)-1-octyn-3-ol, the literature procedure was 
followed on a 6.0 mmol scale.   The crude reaction mixture was purified on silica gel 61
(4:1 pentane:diethyl ether) to afford a clear, colorless oil (691 mg, 89% yield). The 
product was contaminated with 25% of deuterated alkyne which was inseparable; 
Me
OH
1) LiAlH4 (1 equiv)
THF, 0 °C - rt, 12h
2) D2O
THF, 0 °C - rt, 45 min
Me
OH D
H
94:6 Z:E
 245
 Casey, C. P.; Strotman, N. A. J. Am. Chem. Soc. 2004, 126, 1699.61
however this was removed in the subsequent step. Rf = 0.33 (4:1 pentane:diethyl ether, 
stain in KMnO4).!
!
(R,Z)-oct-1-en-1-D-3-ol (Compound 3.SI.4).!
1H NMR (500 MHz, CDCl3): δ 5.86 (1H, dddd (app 
ddt), J = 11.0Hz, 10.5 Hz, 2.5 Hz, 2.5 Hz), 5.08 (1H, 
dd, J = 10.5 Hz, 1.5 Hz), 4.10 (1H, ddd (app dt), J = 
11.0 Hz, 7.0 Hz, 7.0 Hz), 1.45-1.56 (2H, m), 1.27-1.37 (6H, m), 0.89 (3H, dd (app t), J = 
7.0 Hz, 7.0 Hz);  13C NMR (125 MHz, CDCl3): δ 141.2, 114.2 (t, J = 23.8), 73.2, 37.0, 
31.7, 25.0, 22.6, 14.0.;  IR (neat): 3366 (m, br), 2957 (m), 2931 (s), 2860 (m), 1521 (m), 
1058 (w), 1029 (w), 809 (w) 669 (w) cm-1;  HRMS-(ESI+) for C8H14D1 [M+H-H2O]: 
calculated:112.1237, found:112.1241. [α]22D = − 2.48 (c = 1.50, CHCl3). !
!
Preparation of (R,Z)-oct-1-en-3-yl-1-D acetate!
!
  !
!
! An oven-dried round-bottomed flask equipped with a magnetic stir bar was 
charged with dichloromethane (30.0 mL), (R,Z)-oct-1-en-1-d-3-ol (473.2 mg, 3.7 mmol), 
and 4-dimethylamino pyridine (catalytic) under a nitrogen atmosphere. The solution was 
cooled to 0 °C and triethylamine (1.58 mL, 11.0 mmol) was added, followed by dropwise 
addition of acetic anhydride (0.42 mL, 4.4 mmol). The solution was gradually warmed to 
room temperature and  stirred for 12 h. The reaction was concentrated in vacuo, and the 
Me
OH D
H
Ac2O (1.2 equiv)
TEA (3 equiv)
DMAP (cat)
DCM, 0 °C - rt, 12 h
Me
OAc D
H
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Me
OH D
H
H J = 10.5  Hz
crude reaction mixture was purified on silica gel (10:1 pentane:diethyl ether) to afford a 
clear, colorless oil (546 mg, 94% yield). Rf = 0.77 (10:1 pentane:diethyl ether, stain in 
KMnO4).!
!
(R,Z)-oct-1-en-3-yl-1-D acetate (Compound 3.SI.5).!
1H NMR (500 MHz, CDCl3): δ 5.74-5.78 (1H, m), 5.22 (1H, 
ddd (app q), J = 7.0 Hz, 7.0 Hz, 7.0 Hz), 5.14 (1H, dd, J = 
10.5 Hz, 1.5 Hz), 2.06 (3H, s), 1.51-1.67 (2H, m), 1.26-1.34 (6H, m), 0.88 (3H, dd (app 
t), J = 7.0 Hz, 7.0 Hz);  13C NMR (125 MHz, CDCl3): δ 170.4, 136.6, 116.2 (t, J = 23.8 
Hz), 74.8, 34.1, 31.5, 24.7, 22.5, 21.2, 14.0;  IR (neat): 2360 (s), 2342 (s), 1771 (m), 
1734 (w), 1717 (w), 1699 (w), 1489 (w), 1473 (w), 1456 (w), 1436 (w), 1396 (w), 1387 
(w), 1374 (w), 1363 (w), 669 (m), cm-1;  HRMS-(ESI+) for C10H16D1O2 [M+H]: calculated:
170.1291, found:170.1299. [α]22D = + 13.9 (c = 0.80, CHCl3).!
!
Preparation of (S,E)-4,4,5,5-tetramethyl-2-(oct-2-en-1-yl-1-D)-1,3,2-dioxaborolane!
!
  !
!
! An oven-dried scintillation vial equipped with a magnetic stir bar was charged with         
Ni(COD)2 (41.3 mg, 0.150 mmol), PCy3 (42.1 mg, 0.150 mmol), bis(pinacolato)diboron 
(763 mg, 3.00 mmol), and tetrahydrofuran (3.0 mL) in a dry-box under an argon 
atmosphere. The vial was capped and stirred for two minutes, then (R,Z)-oct-1-en-3-yl-1-
d acetate (510 mg, 3.00 mmol) was added. The vial was capped with a teflon cone-lined 
Me
OAc D
H
B2(pin)2 (1 equiv)
Ni(COD)2 (5%)
PCy3 (5%)
THF, 60°C, 14 h
Me B(pin)
D
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cap, sealed with electrical tape, removed from the dry-box, heated to 60 °C and allowed 
to stir for 14 h. The reaction was then cooled and concentrated in vacuo, and the crude 
reaction mixture was purified rapidly on oven-dried silica gel (fast gradient of 40:1-20:1 
pentane:diethyl ether) to afford a clear, colorless oil (608 mg, 88% yield). Rf = 0.72 (10:1 
pentane:diethyl ether, stain in KMnO4).!
!
(S,E)-4,4,5,5-tetramethyl-2-(oct-2-en-1-yl-1-D)-1,3,2-
dioxaborolane (Compound (S)-E-3.76).!
1H NMR (500 MHz, CDCl3): δ 5.35-5.45 (2H, m), 1.96 
(2H, ddd (app q), J = 7.5 Hz, 7.5 Hz, 7.5 Hz), 1.61 (1H, d (br), J = 6.5 Hz), 1.24-1.37 
(6H, m), 1.24 (12 H, s), 0.87 (3H, dd (app t), J = 7.0 Hz, 7.0 Hz);  13C NMR (125 MHz, 
CDCl3): δ 131.1, 128.6, 83.1, 83.1, 32.7, 31.4, 29.3, 24.8 (apparent 4 C), 22.6, 14.1;  IR 
(neat): 2978 (w), 2958 (w), 2926 (m), 2856 (w), 1466 (w), 1370 (m), 1347 (s), 1320 (s), 
1272 (w), 1215 (w), 1145 (s), 1110 (w), 968 (m), 862 (w), 672 (w) cm-1;  HRMS-(ESI+) for 
C14H27D1B1O2 [M+H]: calculated: 240.2245, found: 240.2241. [α]22D = + 0.658 (c = 0.73, 
CHCl3).!
!
!
!
!
!
!
!
!
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Me B(pin)
D
Allyl-Allyl Coupling to give ((3R,4R)-4-((E)-vinyl-2-D)non-1-en-3-yl)benzene.!
!
  !
!
! An oven-dried two-dram vial equipped with a magnetic stir bar was charged 
successively with with Pd2(dba)3 (2.3 mg, 2.5 μmol), (R)-(+)-2,2'-bis(di-2-
furanylphosphino)-6,6'-dimethoxy-1,1'-biphenyl [(R)-MFB] (2.7 mg, 5.0 μmol), and THF 
(0.2 mL) in a dry-box under an argon atmosphere. The vial was capped and allowed to 
stir for five minutes, then cinnamyl chloride (15.2 mg, 0.100 mmol) or tert-butyl cinnamyl 
carbonate (23.4 mg, 0.100 mmol) was added, followed by (S,E)-4,4,5,5-tetramethyl-2-
(oct-2-en-1-yl-1-d)-1,3,2-dioxaborolane (28.6 mg, 0.120 mmol) and cesium fluoride (152 
mg, 1.0 mmol). The vial was sealed, removed from the dry-box, and heated to room 
temperature (X = Cl) or 60 °C (X = OBoc) and stirred for 18 h. After this time, the 
reaction mixture was diluted with diethyl ether, filtered through a plug of silica gel and 
concentrated in vacuo. The crude reaction mixture was purified on silica gel (pentane) to 
afford a clear, colorless oil (19.2 mg, 85% yield when X = Cl, 10.8 mg, 48% yield when X 
= OBoc). Rf = 0.43 (pentane, stain in KMnO4).!
!
!
!
!
Pd2(dba)3 (2.5%)
(R)-MFB (5 %)
Ph
+ CsF (10 equiv)
THF, rt or 60 °C 
18 h
n-pent B(pin)
D n-pent D
(91:9 er)
X = Cl
89:11 Z:E
9:1 dr
>99:1 er
X = OBoc
85:15 Z:E
8:1 dr
99:1 er
X
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((3R,4R)-4-((E)-vinyl-2-D)non-1-en-3-yl)benzene 
(Compound (R,R)-E-3.77).!
1H NMR (500 MHz, CDCl3): δ 7.30 (2H, dd (app t), J = 
7.5 Hz, 7.5 Hz), 7.17-7.22 (3H, m), 5.99 (1H, ddd, J = 
17.0 Hz, 10.0 Hz, 8.0 Hz), 5.56 (1H, dd, J = 17.0 Hz, 8.5 Hz), 5.02 (1H, dd, J = 10.0 Hz, 
2.5 Hz), 4.94 (1H, ddd, J = 17.0 Hz, 1.5 Hz, 1.5 Hz), 4.94 (1H, dd, J = 17.0 Hz, 1.5 Hz), 
3.18 (1H, dd (app t), J = 8.5 Hz, 8.5 Hz), 2.34 (1H, dddd (app dtd), J = 8.5 Hz, 8.5 Hz, 
8.5 Hz, 2.5 Hz), 1.09-1.32 (8H, m), 0.83 (3H, dd (app t), J = 7.0 Hz, 7.0 Hz);  13C NMR 
(125 MHz, CDCl3): δ 143.5, 140.9, 140.7, 128.3 (apparent 2 C), 128.1 (apparent 2 C), 
126.1, 115.1, 55.0, 49.2, 32.3, 31.7, 26.9, 26.7, 22.6, 14.0;  IR (neat): 3080 (w), 3063 
(w), 3028 (w), 2956 (m), 2928 (s), 2857 (m), 1637 (w), 1620 (w), 1601 (w), 1494 (w), 
1453 (w), 1378 (w), 982 (m), 913 (m), 806 (w), 757 (w) 700 (s), 678 (w) cm-1;  HRMS-
(ESI+) for C17H24D1 [M+H]: calculated: 230.2019, found: 230.2013. [α]22D = + 33.0 (c = 
1.46, CHCl3).!
!
Analysis of Stereochemistry!
! The title compound was subjected to ozonolysis and reduction to afford the 1,4-
diol for SFC analysis as depicted below. The analogous racemic material was prepared 
via the same rout, using 1,2-bis(diphenylphosphino)benzene as the ligand in the allyl-
allyl coupling reaction. the absolute stereochemistry was assigned by analogy to 
compound 3.90.!
!
  !
Ph
DMe
1) O3, DCM/MeOH
 −78 °C
2) NaBH4, 
−78 °C to rt Ph
OH
Me OH
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Ph
n-pent D
H
H J = 17.0 Hz
!
Chiral SFC (OJ-H, Chiralpak, 3 mL/min, 5.0% i-PrOH, 100 bar, 35 °C) - analysis of title 
compound.!
!
               !
  !
               !
!
           !
  !
!
!
!
      Enantioenriched Sample (X=OBoc)           Enantioenriched Sample (X=Cl)
           Racemic Sample                            Co-Injection of Racemic and !
                                                                     Enantioenriched Samples
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Determination of Absolute Configuration of Labeled Allylboron with Mosher’s 
Ester Analysis!
!
Preparation of (R,E)-oct-2-en-1-yl-1-D (R)-3,3,3-trifluoro-2-methoxy-2-
phenylpropanoate (Compound (R,R)-3.SI.6).!
!
  !
!
! To a scintillation vial with a magnetic stir-bar was added (S,E)-4,4,5,5-
tetramethyl-2-(oct-2-en-1-yl-1-d)-1,3,2-dioxaborolane (40.0 mg, 0.170 mmol) and THF 
(1.5 mL). The solution was cooled to 0 °C, and 1.0 mL of aqueous NaOH (3M) was 
added followed by dropwise addition of 0.8 mL of hydrogen peroxide (30 wt% solution in 
H2O). The solution was stirred at 0 °C for 15 minutes and then gradually warmed to room 
temperature for an additional 3.5 hours. The solution was then re-cooled to 0 °C and 
quenched with dropwise addition of saturated aqueous sodium thiosulfate. The solution 
was poured into a separatory funnel and extracted 3 times with diethyl ether. The 
organics were combined, dried over magnesium sulfate and concentrated in vacuo. the 
crude reaction mixture was purified on silica gel (3:1 pentane:diethyl ether) to afford the 
corresponding allylic alcohol as a clear, colorless oil (13.2 mg, 61% yield). Rf = 0.32 (3:1 
pentane:diethyl ether, stain in KMnO4). !
Me OH
D PhCl
O
OMeF3C
pyridine (3.1 equiv)
DCM, rt, 12 h
Me O
D O
CF3
Ph OMe(R,R)-3.SI.6
91:9 dr
Me B(pin)
D
Me OH
DNaOH (3M)H2O2 (30 wt%)
THF, 0 °C - rt, 4 h
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! The Mosher’s ester (R,R-Si-3.SI.6) was prepared using the literature procedure  62
with (S)-(+)-α-methoxy-α-trifluoromethylphenylacetyl chloride ((S)-MTPA-Cl). The crude 
reaction mixture was purified on silica gel (20:1 pentane:diethyl ether) to yield a clear, 
pale yellow oil (20.4 mg, 60% yield). !
!
Preparation of (R,E)-oct-2-en-1-yl-1-D (S)-3,3,3-trifluoro-2-methoxy-2-
phenylpropanoate (Compound (R,S)-3.SI.6).!
!
  !
!
! The opposite diasteromer was prepared using the same procedure as described 
above with (R)-(−)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride ((R)-MTPA-Cl). 
The crude reaction mixture was purified on silica gel (20:1 pentane:diethyl ether) to yield 
a clear, pale yellow oil (39.8 mg, 82% yield).!
!
!
!
!
Me OH
D PhCl
O
OMeF3C
pyridine (3.1 equiv)
DCM, rt, 12 h
Me O
D O
CF3
PhMeO
(R,S)-3.SI.6
91:9 dr
 253
 Hoye, T. R.; Jeffry, C. S.; Shao, F. Nature Protocols, 2007, 2, 2451.62
  !
!
! The absolute configuration of the resulting Moshers’ esters was determined as 
described in the literature.  The literature procedure relies on the assumption that the 63
preferred conformation for the allylic esters is as shown above. In (R,R)-SI-12, the allylic 
proton is deshielded by the methoxy group resulting in a downfield shift to 4.76 ppm, 
whereas in (R,S)-SI-12, the allylic proton is shielded by the phenyl group, resulting in an 
upfield shift to 4.71 ppm.!
!
(R,E)-oct-2-en-1-yl-1-D-(R)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate (Compound 
(R,R)-3.SI.6).!
1H NMR (500 MHz, CDCl3): δ 7.52-7.53 (2H, m), 7.37-7.41 (3H, m), 5.85 (1H, ddd (app 
dt), J = 15.0 Hz, 7.0 Hz, 7.0 Hz), 5.58 (1H, dd, J = 15.0 Hz, 6.0 Hz), 4.76 (1H, d, J = 6.0 
Hz), 3.56 (3H, s), 2.05 (2H, ddd (app q), J = 7.0 Hz, 7.0 Hz, 7.0 Hz), 1.37 (2H, dddd (app 
p),  J = 7.0 Hz, 7.0 Hz, 7.0 Hz, 7.0 Hz), 1.24-1.33 (4H, m), 0.88 (3H, dd (app t), J = 7.0 
Hz, 7.0 Hz).;  13C NMR (125 MHz, CDCl3): δ 166.3, 138.7, 132.4, 129.5 (apparent 2 C), 
128.3 (apparent 2 C), 127.3, 124.4, 122.3, 84.7, 66.7 (t, J = 22.8 Hz), 55.4, 32.2, 31.2, 
28.4, 22.5, 14.0;  IR (neat): 2957 (w), 2930 (m), 2857 (w), 1747 (s), 1497 (w), 1452 (w), 
1269 (m), 1244 (m), 1169 (s), 1123 (m), 1082 (w), 1023 (w), 996 (m), 970 (w), 919 (w), 
Me O
D O
CF3
OMe Ph
Me O
D O
CF3
Ph OMe
H H
H δ (ppm) 
4.76
(R,R)-3.SI.6
91:9 dr
(R,S)-3.SI.6
91:9 dr
H δ (ppm) 
4.71
Allylic H 
shielded by 
phenyl group
Allylic H 
deshielded by 
methoxy group
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 Canon, J. S.; Olson, A. C.; Overman, L. E.; Solomon, N. S. J. Org. Chem. 2012, 77, 1961.63
Me O
D O
CF3
Ph OMe
765 (w), 716 (m), 697 (w), 646 (w) cm-1;  HRMS-(ESI+) for C18H26D1F3N1O3 [M+NH4]: 
calculated: 363.2006, found: 363.1992. [α]22D = + 52.2 (c = 1.02, CHCl3).!
!
(R,E)-oct-2-en-1-yl-1-D-(S)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate (Compound 
(R,S)-3.SI.6).!
1H NMR (500 MHz, CDCl3): δ 7.51-7.53 (2H, m), 7.37-7.41 (3H, m), 5.84 (1H, dddd (app 
dtd), J = 15.5 Hz, 7.0 Hz, 7.0 Hz, 1.0 Hz), 5.58 (1H, dd, J = 15.5 Hz, 6.5 Hz), 4.71 (1H, 
d, J = 6.5 Hz), 3.56 (3H, s), 2.05 (2H, ddd (app q), J = 7.0 Hz, 7.0 Hz, 7.0 Hz), 1.37 (2H, 
dddd (app p), J = 7.0 Hz, 7.0 Hz, 7.0 Hz, 7.0 Hz), 1.23-1.32 (4H, m), 0.88 (3H, dd (app 
t), J = 7.0 Hz, 7.0 Hz).;  13C NMR (125 MHz, CDCl3): δ 166.3, 138.7, 132.4, 129.5 
(apparent 2 C), 128.3 (apparent 2 C), 127.3, 124.5, 122.3, 84.7, 66.7 (t, J = 22.8 Hz), 
55.5, 32.2, 31.2, 28.4, 22.5, 14.0;  IR (neat): 2956 (w), 2929 (m), 2856 (w), 1746 (s), 
1452 (w), 1269 (m), 1243 (m), 1167 (s), 1122 (m), 1081 (w), 1022 (w), 995 (m), 969 (w), 
919 (m), 765 (w), 716 (w), 697 (m), 646 (w) cm-1;  HRMS-(ESI+) for C18H26D1F3N1O3 [M
+NH4]: calculated: 363.2006, found: 363.1990. [α]22D = − 53.0 (c = 1.99, CHCl3).!
!
!
!
!
!
!
!
!
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Me O
D O
CF3
PhMeO
E. Allyl-Allyl Couplings with Allylzinc Chloride Nucleophiles!
Preparation of Allylzinc Chloride Reagents !64
!
  !
!
Representative Procedure for Formation of Prenylzinc Chloride·LiCl:  An oven-
dried round-bottomed flask equipped with a magnetic stir bar was charged with zinc dust 
(1.64 g, 25.0 mmol) and lithium chloride (254 mg, 6.00 mmol), and tetrahydrofuran (2.5 
mL) in a dry-box under argon atmosphere. Also in the dry-box, a second oven-dried 
round-bottomed flask was charged with distilled 1-Chloro-3-methyl-2-butene (523 mg, 
5.00 mmol) and tetrahydrofuran (5.0 mL). Both flasks were sealed with septa and 
electrical tape, brough out of the dry-box, and put under a flow of nitrogen. To the flask 
containing the zinc was added a few drops of distilled TMSCl and a few drops of 1,2-
dibromoethane and the solution was stirred for 10 minutes at room temperature to 
activate the zinc. The solution was then placed in a cryocool set to  10 °C with stirring, 
and the solution of chloride added dropwise over 2.5 hours via syringe-pump addition. 
The solution was then stirred for 20 h at  10 °C and then warmed to 0 °C in an ice bath 
without stirring to allow the excess zinc to settle. The solution of active zinc reagent was 
titrated by addition to a solution of I2 in dry tetrahydrofuran under nitrogen to look for the 
dissapearance of red color. The solution titrated to 0.4 M, corresponding to 60% active 
species and was used directly in the coupling without further purification or filtration. 
Me Cl Me ZnCl•LiCl
Me Me
Zn(0) dust (5 equiv)
LiCl (1.2 equiv)
TMSCl (cat)
1,2-dibromoethane (cat)
THF, − 10 °C, 20 h
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 Modified from Ren, H.; Dunet, G.; Mayer, P.; Knochel, P. J. Am. Chem. Soc. 2007, 129, 5376.64
Note: Zn dust (not powder) was found necessary for formation of experimentally useful 
activities of active allylzinc solution. Both the Zn dust and LiCl were dried at 100 °C 
under vacuum overnight and stored under nitrogen prior to use.!
!
Formation of (E)-(3-phenylbut-2-en-1-yl)zinc chloride·LiCl 
(3.125): From (E)-(4-chlorobut-2-en-2-yl)benzene, prepared as 
described in Section VI.A.1, the representative procedure was followed with the 
following modifications: The reaction was run with 3 equivalents of Zn dust and 2.5 
equivalents of LiCl at 0.5 M concentration. Additionally, the solution of chloride was 
added dropwise via syringe over 10 minutes at room temperature, and the reaction ran 
for 3 hours at room temperature. The solution titrated to 0.37 M, corresponding to 73% 
active species and was used directly in the coupling without further purification or 
filtration.!
!
Formation of (E)-but-2-en-1-ylzinc chloride·LiCl (3.129): 
From distilled crotyl chloride, the representative procedure was 
followed with the following modifications: The reaction was run with 6 equivalents of Zn 
dust and 3 equivalents of LiCl. Additionally, the solution of chloride was added dropwise 
via syringe over 10 minutes at room temperature, and the reaction run for 22 hours at 
room temperature. The solution titrated to 0.48 M, corresponding to 72% active species 
and was used directly in the coupling without further purification or filtration.!
!
!
!
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Ph ZnCl•LiCl
Me
Me ZnCl•LiCl
Formation of cinnamylzinc Chloride·LiCl (3.131): From 
distilled cinnamyl chloride the representative procedure was 
followed with the following modifications: The reaction was run with 3 equivalents of Zn 
dust and 2.5 equivalents of LiCl at 0.5 M concentration. Additionally, the solution of 
chloride was added dropwise via syringe over 10 minutes at room temperature, and the 
reaction run for 2 hours at room temperature. The solution titrated to 0.45 M, 
corresponding to 90% active species and was used directly in the coupling without 
further purification or filtration.!
!
Allyl-Allyl Couplings with Allylzinc Reagents from Section 3.IV.D!
!
  !
!
Representative Procedure:  An oven-dried scintillation vial equipped with a magnetic 
stir bar was charged with with (R)-3.75 (0.7 mg, 0.1 μmol) and (E)-(4-chlorobut-2-en-2-
yl)benzene (16.6 mg, 0.100 mmol) and tetrahydrofuran (0.1 mL) in a dry-box under 
argon atmosphere. The vial was sealed with an open-top cap with a silicon/teflon septum 
and electrical tape and brough out of the dry box. The vial was put under nitrogen, and a 
solution of prenylzinc chloride·LiCl (0.38 mL of a 0.4 M solution, 0.15 mmol) was added 
dropwise under nitrogen. The nitrogen needle was removed and the vial was further 
sealed with electrical tape and allowed to stir at room temperature for 14 hours. After this 
time, the reaction mixture was diluted with diethyl ether, filtered through a plug of silica 
gel, and concentrated in vacuo. The crude reaction mixture was purified on silica gel 
Ph
Cl (R)-3.75 (1%)
+
THF, rt, 14 hMe
ZnCl•LiCl MeMe
Me
Me
Ph
Me
Ph
Me
+
Ph+
 258
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(pentane) to afford an inseparable mixture of products as shown above. Rf = 0.66 
(pentane, stain in KMnO4).!
!
Analysis of Product Mixture:!
!
(E)-(5,5-dimethylhepta-2,6-dien-2-yl)benzene (Compound 3.122).!
1H NMR (500 MHz, CDCl3): δ 7.36 (2H, dd (app t), J = 7.0 Hz, 7.0 Hz), 
7.30 (2H, dd (app t) J = 7.5 Hz, 7.5 Hz), 7.20-7.23 (1H, m), 5.87 (1H, 
dd, J = 17.5 Hz, 10.5 Hz), 5.78 (1H, td, J = 7.5 Hz, 1.5 Hz), 4.96 (1H, dd, J = 17.5 Hz, 
0.5 Hz), 4.94 (1H, dd, J = 10.5 Hz, 1.5 Hz), 2.20 (2H, d, J = 7.5 Hz), 2.02 (3H, s), 1.06 
(6H, s). We were unable to isolate enough clean sample for further characterization.!
!
but-3-en-2-ylbenzen (Compound 3.123). Spectral data are in accordance 
with the literature. !65
!
buta-1,3-dien-2-ylbenzene (Compound 3.124). Spectral data are in 
accordance with the literature. !66
!
!
!
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 Grassi, D.; Dolka, C.; Jackowski, O.; Alexakis, A. Chem.— Eur. J. 2013, 19, 1466.65
 Zhu, S.; Lu, X.; Luo, Y.; Zhang, W.; Jiang, H.; Yan, M.; Zeng, W. Org. Lett. 2013, 15, 1440.66
Me
Me
Ph
Me
Ph
Me
Ph
  !
!
Reaction with (E)-(3-phenylbut-2-en-1-yl)zinc chloride·LiCl: The representative 
procedure was followed utilizing a solution of (E)-(3-phenylbut-2-en-1-yl)zinc 
chloride·LiCl (0.32 mL of a 0.37 M solution, 0.12 mmol) to afford the product mixture 
shown.!
!
Analysis of Product Mixture:!
!
(E)-(5-methylhepta-2,6-diene-2,5-diyl)dibenzene (Compound 
3.126). Spectral data are in accordance with the literature. !67
!
(2E,6E)-octa-2,6-diene-2,7-diyldibenzene (Compound 3.127). 
Spectral data are in accordance with the literature.67!
!
!
!
!
!
!
!
Ph
Me Ph
Me
Ph
Cl (R)-3.75 (1%)
+
THF, rt, 14 hPh
ZnCl•LiCl MeMe Ph
Me
Ph
Me
Ph
Me
+
Ph+
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 Tanaka, J.; Nojima, M.; Kusabayashi, S. J. Am. Chem. Soc. 1987, 109, 3391.67
Ph
Me
Ph
Me
Ph
Me Ph
Me
  !
!
Reaction with prenylzinc chloride·LiCl and cinnamyl chloride: The representative 
procedure was followed on a 0.1 mmol scale utilizing cinnamyl chloride as the 
electrophile. The crude reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil (16.6 mg, 89% yield) of a 1.7:1 mixture of 3.85:3.128. Rf = 0.61 
(pentane, stain in KMnO4).!
!
(E)-(4,4-dimethylhexa-1,5-dien-1-yl)benzene (Compound 3.128). 
Spectral data are in accordance with the literature.59!
!
!
Allyl-Allyl Couplings with Allylzinc Reagents from Section 3.IV.D!
!
((3R,4R)-4-methylhexa-1,5-dien-3-yl)benzene (Compound 3.89). The 
title compound was prepared via the representative procedure 
described above on a 0.2 mmol scale using (E)-but-2-en-1-ylzinc 
chloride·LiCl and cinnamyl chloride. The reaction was run with the 
following modifications: the catalyst/electrophile solution was cooled to  78 °C prior to 
addition of the allylzinc solution and then the reaction was gradually warmed to  30 °C 
and stirred for 14 hours.  The crude reaction mixture was purified on silica gel (pentane) 
to afford a clear, colorless oil (31.0 mg, 90% yield). Rf = 0.45 (pentane, stain in KMnO4). 
Spectral data are in accordance with the literature.60!
Ph
Cl (R)-3.75 (0.5%)
Ph
+
THF, temp, time
Me
Me
ZnCl•LiClMe
+
Me
Me
Me
Ph
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Analysis of Stereochemistry:!
! The enantiomer ratio was determined by GLC analysis of the title compound as 
compared to the ana logous racemic mate r ia l , p repared us ing 1 ,2 -
bis(diphenylphosphino)benzene as the ligand.!
!
Chiral GLC (CD-BDM, Supelco, 50 °C for 10 min, ramp 1 °C/min to 110 °C for 20 min, 20 
psi) - analysis of title compound.!
               !
  !
The minor enantiomer peak was within the noise of the spectrum and unable to be 
integrated, >99:1 er!
!
!
  !
!
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                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 7/11/2013 8:45:11 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-131RAC2.D\DA.M (CD-BDM.M)
Last changed    : 10/23/2013 2:47:14 PM by Hai Le
                  (modified after loading)
Sample Info     : CD-BDM, 50 degrees, ramp 1 deg/min t  110, 110 for 20 m
                  in, post run: 10 mins at 120,  20 psi, sr= 35:1
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Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
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Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-V-131RAC2.D
Sample Name: MJA-V-131rac2
Instrument 2 10/23/2013 2:47:16 PM Hai Le Page 1 of 2
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Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 11-Jul-13, 10:38:48                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 7/11/2013 10:26:33 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-VI-52.D\DA.M (CD-BDM.M)
Last changed    : 5/7/2014 11:17:19 AM by Meredith Eno
                  (modified after loading)
Sample Info     : CD-BDM, 50 degrees, ramp 1 deg/min to 110, 110 for 20 m
                  in, post run: 10 mins at 120,  20 psi, sr= 35:1
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Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
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Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-VI-52.D
Sample Name: MJA-VI-52
Instrument 2 5/7/2014 11:17:22 AM Meredith Eno Page 1 of 1
                 Racemic Sample                                             Enantioenriched Sample
=====================================================================
Acq. Operator   : Mike Ardolino              
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 11-Jul-13, 13:19:20                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 7/11/2013 12:10:27 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-VI-52SPIKE.D\DA.M (CD-BDM.M)
Last changed    : 10/23/2013 3:20:50 PM by Hai Le
                  (modified after loading)
Sample Info     : CD-BDM, 50 degrees, ramp 1 deg/min to 110, 110 for 20 m
                  in, post run: 10 mins at 120,  20 psi, sr= 35:1
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Sample Name: MJA-VI-52spike
Instrument 2 10/23/2013 3:20:56 PM Hai Le Page 1 of 2
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Co-Injection of Racemic and !
Enantioenriched Samples
(3R,4R)-hexa-1,5-diene-3,4-diyldibenzene (Compound 3.90). The title 
compound was prepared via the representative procedure described 
above on a 0.2 mmol scale using cinnamylzinc chloride·LiCl and 
cinnamyl chloride and 0.2% catalyst loading. The reaction was run with 
the following modifications: the catalyst/electrophile solution was cooled to 0 °C prior to 
addition of the allylzinc solution and the reaction stirred at 0 °C for 6 hours. The crude 
reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil (44.5 
mg, 95% yield). Rf = 0.13 (pentane, stain in KMnO4). Spectral data are in accordance 
with the literature.60!
!
Analysis of Stereochemistry:!
! The title compound was subjected to ozonolysis and reduction to afford the 1,4-
diol for SFC analysis, as depicted below. The analogous racemic material was prepared 
via the same route, using 1,2-bis(diphenylphosphino)benzene as the achiral ligand in the 
allyl-allyl coupling reaction. The absolute stereochemistry has been previously proven.60!
!
  !
!
!
!
!
!
Ph
Ph 1. O3, DCM/MeOH, -78 oC
2. NaBH4 OH
OH
Ph
Ph
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Chiral SFC (AD-H, Chiralpak, total absorbance, 5.0 mL/min, 5.0% MeOH, 100 bar, 35 
°C) - analysis of 1,4-diol.!
!
!
               !
  !
  !
!
!
                 Racemic Sample                                             Enantioenriched Sample
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Chapter 4!
!
Palladium-Catalyzed Allyl-Propargyl Couplings: Accessing Enantioenriched 1,5-
Enynes Through Stereospecific Reactions and Kinetic Resolution!
!
I. Introduction!
!
! Inspired by the high selectivity and efficiency seen in palladium-catalyzed allyl-
allyl couplings, we began to wonder if the methodology could also be extended to related 
reactions. During the course of study on the diastereoselective coupling presented in 
Chapter 2, an interesting result was observed when allenylB(pin) was used as a 
nucleophile in place of an allylboron (Scheme 4.1). Under conditions optimized for the 
first allyl-allyl coupling, the reaction of 4.2 and cinnamyl tert-butyl carbonate 4.1 
delivered 1,5-enyne 4.4 in moderate yield, regio- and enantioselectivity (eq 1).!
!
Scheme 4.1: 1,5-Enynes by Allyl-Propargyl Coupling!
!
  !
!
* *
B(pin)
Ph
OBoc
Ph
Pd
P
P
3'
3Ph
Pd
P
PPh
4.44.1
Pd2(dba)3 (5%)
(R)-4.3 (10%)
THF, 60 °C, 14 h
Ph
4.5
74% yield
7.3:1 4.4:4.5
80:20 er
(1)
4.7 4.8
Pd
P
P
Ph
*
4.6
+
4.4 (2)
P(fur)2
P(fur)2MeO
MeO
(R)-MeO(furyl)
BIPHEP
4.3
4.2
4.2
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! Mechanistically, it was believed that this allyl-propargyl coupling was operating 
similarly to the allyl-allyl system. As seen in equation 2, transmetallation of the 
allenylboron to cationic (η3-allyl)Pd(II) intermediate 4.6 can give either the (η1-allyl)(η1-
propargyl) 4.7 or (η1-allyl)(η1-allenyl) complex 4.8. From 4.8, 3,3ʹ-reductive elimination 
could give 1,5-enyne product 4.4 and would account for the regio- and stereochemistry 
observed.!
! Despite further optimization by former Morken Group member Dr. Laura Brozek, 
the enantioselectivity of the coupling could not be improved any further. This was 
unfortunate, as the reaction products provide an entry into useful synthons containing 
differentiated π-systems. Additionally, there exist a number of unique cyclizations of the 
1,5-enyne motif in the literature to give synthetically useful products. Moreover, there 
existed no general method to deliver 1,5-enynes in an asymmetric fashion. As a result, 
we began to consider alternate pathways that could also take advantage of the proposed 
allyl-propargyl coupling mechanism.!
!
Scheme 4.2: Proposed Stereospecific Allyl-Propargyl Coupling!
!
  !
!
! If asymmetric catalysis with a chiral ligand was not suitably selective, we 
reasoned that a stereospecific reaction beginning with an enantiomerically enriched 
electrophile or nucleophile may provide an alternate approach (Scheme 4.2, eq 3). 
Pd
P
P
H
R
R
X
+ B(pin)
3
3'
4.114.9 4.10
[Pd]
P P
R
4.12
(3)
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Importantly, there are a number of methods for the formation of highly enriched 
propargyl alcohols,  and palladium is known to undergo stereospecific additions into the 1
derived propargyl electrophiles. Unlike the prochiral allylic systems that are able to 
undergo allyl isomerization, (η1-allenyl)palladium intermediates such as 4.11 are 
configurationally stable, and therefore retain the stereochemistry of the starting material. 
If the proposed mode of reactivity from 4.11 were still operative, this method could 
generate 1,5-enynes of type 4.12 that derive their enantiopurity from the starting material 
and not the catalyst. The following chapter describes the development of this type of 
stereospecific coupling, and the further application to a kinetic resolution of racemic 
propargyl electrophiles!
!
!
!
!
!
!
!
!
!
!
!
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 For methods to access enantiomerically enriched propargyl alcohols via ynone reductions, see: 1
a) Matsumura, K.; Hashiguchi, S.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc. 1997, 119, 8738. b) 
Helal, C. J.; Magriotis, P. A.; Corey, E. J. J. Am. Chem. Soc. 1996, 118, 10938. c) Parker, K. A.; 
Ledeboer, M. W. J. Org. Chem. 1996, 61, 3214. For strategies via asymmetric carbonyl additions, 
see: d) Trost, B. M.; Weiss, A. H. Adv. Synth. Catal. 2009, 351, 963. e) Pu, L. Tetrahedron 2003, 
59, 9873. f) Frantz, D. E.; Fässler, R.; Tomooka, C. S.; Carreira, E. M. Acc. Chem. Res. 2000, 33, 
373.
II. Background!
!
A. Utility of the 1,5-Enyne Motif!
! The cycloisomerization of substituted, acyclic enynes is a powerful strategy for 
the synthesis of complex cyclic structures.  Often catalyzed by transition metals, many of 2
these cyclizations require specific enyne substitution patterns or would destroy 
stereochemistry present in the starting material. There are, however, a number of 
reactions that do not suffer from these limitations, and could generate chiral products 
from enantioenriched 1,5-enynes such as 4.4 and 4.12. Synthetically, the stereospecific 
allyl-propargyl could greatly expand the utility of these unique enyne cycloisomerizations 
that have, until now, only utilized achiral or racemic enynes.!
! In 2004, Kozmin and Zhang reported a highly efficient two-step procedure for the 
preparation of substituted cyclohexenones from terminal 1,5-enynes (Scheme 4.3, eq 
4).  In this process, an enyne such as 4.13 is first transformed to the corresponding 3
siloxyalkyne (4.14) through a one-pot oxidation and silyl protection of the alkyne.  4
Treatment of 4.14 with a Brønsted acid (HNTf2, 4.15) gives cyclohexenone 4.16 in good 
yield. The mechanism is proposed to operate through nucleophilic attack of the olefin 
onto an intermediate siloxy ketenium ion, the latter which is formed upon protonation of 
the alkyne as seen in 4.16. Subsequent elimination of the α-proton will generate the 
conjugated silyl enol ether 4.17, which will yield the product upon workup.!
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 For reviews on enyne cyclizations, see: a) Michelet, V.; Toullec, P. Y.; Genêt, J.-P. Angew. 2
Chem. Int. Ed. 2008, 47, 4268. b) Jiménez-Núñez, E.; Echavarren, A. M. Chem. Rev. 2008, 108, 
3326.  b) Zhang, L.; Sun, J.; Kozmin, S. A. Adv. Synth. Catal. 2006, 348, 2271. c) Aubert, C.; 
Buisine, O.; Malacria, M. Chem. Rev. 2002, 102, 813. 
 a) Zhang, L.; Kozmin, S. A. J. Am. Chem. Soc. 2004, 126, 10204. For an additional discussion 3
and a slightly broadened scope, see: b) Zhang, L.; Sun, J.; Kozmin, S. A. Tetrahedron 2006, 62, 
11371.
 Julia, M.; Saint-Jalmes, V. P.; Verpeaux, J. N. Synlett 1993, 233.4
Scheme 4.3: Kozmin’s Acid-Promoted Cyclization of Siloxy-Substituted 1,5 Enynes!
!
  !
!
! In a later report, the Kozmin group found the siloxy-substituted 1,5-enyne motif to 
also be reactive in gold-catalyzed cycloisomerizations (Scheme 4.4, eq 5).  When 5
treated with catalytic Au(I), 4.18 underwent rapid cyclization to give oxygenated 
cyclohexadiene 4.19 in high yield and regioselectivity. Upon treatment with acid, these 
products could be easily transformed into cyclohexenones such as 4.20, providing 
another route to these synthetically useful structures. Note that these products contain 
different substitution patterns than in the previous method. The group found gold 
catalysis ineffective for the cyclization of 1,5-enynes containing alkyl-substituted alkynes 
(4.21, eq 6). Instead, use of platinum dichloride allowed for the cycloisomerization to 
occur, and gave all-alkyl substituted cyclohexadiene products such as 4.22 in good 
yields under slightly harsher conditions.5!
!
!
!
n-Pr
Ph
LiHMDS
HOOt-Bu
n-Pr
O
Ph 4.16
78% yield
(over 2 steps)
n-Pr Ph
OTIPS
1)
2) TIPS-OTf CH2Cl220 °C, 2 h
4.13
4.14
(4)
4.15 
(1.2 equiv)
4.15 
HN(Tf)2S
H
N S CF3F3C
O
O
O
O
n-Pr Ph
O 4.16TIPS
n-Pr Ph
4.17OTIPS
H
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Scheme 4.4: Au(I) and Pt(II)-Catalyzed 1,5-Enyne Cyclizations!
!
  !
!
! Toste and co-workers have also reported a gold-catalyzed cyclization of 1,5-
enyne 4.23 to give oxygenated cyclohexene product 4.24 (eq 7).  Although 6
mechanistically similar to the Kozmin example, the intermediate carbocation formed 
upon nucleophilic attack of the olefin is trapped by the alcoholic solvent, allowing access 
to an entirely different class of cyclic products. In each of the preceding examples, a fully 
substituted propargylic center on the starting material was necessary. When the 
propargyl carbon is tertiary, competitive deprotonation after cyclization leads to 
regioisomers.!
! In 2009, Nishibayashi and colleagues developed a related Ru-catalyzed 
cycloisomerization that allowed for high regioselectivity with a broader scope of 1,5-
enynes. This reaction extends to starting materials containing either quaternary or 
n-pentMe
OTIPS
4.18
Me
AuCl (1%)
DCM
20 °C, 30 min
PtCl2 (5%)
tol/MeCN
80 °C, 4 h
TIPSO
Me Men-pent
4.19
88% yield
(5)HClMeCN O
Me Men-pent
4.20
91% yield
Me
n-hex
4.21
Me
TBSO
n-hex
Me Me OTBS (6)4.2281% yield
Me
4.23
Me
Ph
(Ph3P)AuSbF6 (5%)
MeOH, rt
OMe
PhMe
Me 4.2485% yield
(7)
Kozmin, 2006
Toste, 2004
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tertiary centers at the propargylic position (Scheme 4.5).  Using the methanethiolate-7
bridged diruthenium complex 4.26 and catalytic Lewis acid, the reaction gave the 
quaternary (4.27) or tertiary (4.28) center-containing cyclohexadiene products in similarly 
good yields and near-perfect regioselectivity. The reaction is believed to proceed through 
a Ru-vinylidene complex 4.29, from which nucleophilic attack of the alkene followed by 
subsequent proton-transfer steps will form the 1,3-cyclohexadiene product. A 2-
substituted alkene was required: reactions with monosubstituted olefins gave 
dimerization only.!
!
Scheme 4.5: Ru-Catalyzed Cycloisomerizations by Nishibayashi!
!
  !
!
! 1,5-Enynes are also useful precursors for ring-closing enyne metathesis 
(Scheme 4.6, eq 9). Utilizing the Hoveyda-Grubbs second generation catalyst (4.31), 
Campagne and Debledes found that RCM of 1,5-enyne 4.30 proceeded to give the 
substituted cyclobutene 4.32 in moderate yield under microwave irradiation.  Although 8
the reaction suffered from incomplete conversion and a small amount of cross-
4.25
Ph
4.26 (5%)
NH4BF4 (10%) R = H
4.28
82% yield
(8)
Ph
R
DCE, 40 °C, 
72-96 h Ph
Ph
R
4.26
4.29
Ru
S
S Ru
MeMe
ClCl
Cp*Cp* Ph
Ph R
[Ru]
R = Me
4.27
92% yield
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 Debledes, O.; Campagne, J.-M. J. Am. Chem. Soc. 2008, 130, 1562.8
metathesis byproduct, the products generated are quite strained and hard to access by 
other methods. This transformation was later used by Goess and co-workers as a key 
step in a racemic synthesis of the natural product grandisol (4.33). !9
! !
Scheme 4.6: 1,5-Enyne Metathesis to give Cyclobutenes!
!
  !
!
B. Catalytic Methods for the Synthesis of 1,5-Enynes and Related Systems!
! Despite the synthetic utility of 1,5-enynes as described in the preceding section, 
there existed no general catalytic strategies to access substituted, chiral versions with 
appreciable optical purity. One attractive route to such structures would be through an 
enantioselective allylic substitution with a propargylic electrophile, however, this 
transformation has not been developed. In related chemistry, Hoveyda and Jung have 
reported a highly selective copper-catalyzed method for the formation of allene-bearing 
tertiary or quaternary allylic stereocenters (Scheme 4.7).  Under the direction of 10
bidentate NHC ligand 4.35, the reaction effectively couples allylic phosphates such as 
4.34 and allenylB(pin) to give tertiary center-containing products like 4.36 in high yields, 
4.30
Ph
n-Bu
4.31 (20%)
DCM, µW
70 °C, 40 min n-Bu
Ph 4.3258% yield
Oi-Pr
Ru
Cl
Cl
N N MesMes
4.31
Me
HO
4.33
(±)-grandisol
(9)
Me
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 Jung, B.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 1490.10
regio- and enantioselectivities (eq 10). With slightly modified conditions and ligand 4.38, 
the reaction is also able to deliver the quaternary center-containing 4.39 with similarly 
excellent selectivity (eq 11). In both cases, the high regioselectivity for products of type 
4.36 and 4.39 provided entry into synthetically important chiral allene-containing 
molecules.!
!
Scheme 4.7: Enantioselective Allylic Substitution with Allenyl Nucleophiles!
!
  !
!
! Allylic substitutions have also proven to be useful for the synthesis of the 
structurally similar 1,4-enyne motif (Scheme 4.8). In 2011, Hoveyda, Dabrowski and Gao 
developed a enantioselective allylic substitution with alkynylaluminum nucleophiles 
under conditions similar to those discussed in the previous example (Scheme 4.8, eq 
12).  Utilizing a copper catalyst formed with precursor NHC-Ag complex 4.41, the 11
coupling of disubstituted allylic phosphate 4.37 and alkynylalluminum reagent 4.40 
N NMes
PhPh
S
O
O
O
N N
PhPh
S
O
O
O
R 4.35(R = 2,4,6-(i-Pr)3C6H2)
R
4.38
Ph
OPO(OEt)2
B(pin)+
4.38 (11%)
CuCl (10%)
NaOMe (1.5 equiv) 
THF, −30 °C, 48 h4.37 Ph
4.39
79% yield
95.5:4.5 er
96:4 regio
Ph
OPO(OEt)2
B(pin)+
4.35 (11%)
CuCl (10%)
NaOMe (1.5 equiv) 
THF, 22 °C, 24 h4.34 Ph
4.36
79% yield
95.5:4.5 er
96:4 regio
Me Me
(10)
(11)
4.2
4.2
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preliminary report, see: b) Kacprzynski, M. A.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 
10676.
proceeded to give 1,4-enyne 4.42 in excellent yield, enantio- and regioselectivity. The 
scope was shown tolerant of a number of different aryl substituents, and the coupling 
products also proved useful for the preparation of cyclic ethers and lactones.!
!
Scheme 4.8: Allylic Substitutions to give 1,4-Enynes with Alkynyl Nucleophiles!
!
  !
!
! In 2013, the Carreira group reported a related iridium-catalyzed method for the 
enantioselective allylic substitution of unactivated secondary allylic alcohols with 
alkynyltrifluoroborates (Scheme 4.8, eq 13).  With a catalyst formed from [Ir(cod)Cl]2 12
and ligand 4.45, a fluoride source to activate the boron nucleophile, and an acid 
promoter to increase the electrophilicity of the alcohol, the coupling of 4.43 and 4.44 
Ph
OPO(OEt)2 +
CuCl2•2H2O (5%)
4.41 (2.5%)
THF, −30 °C, 6 h
4.37
Ph
4.42
98% yield
95:5 er
>98% regio
Me Me (12)
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N N
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O
Ar
N N
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Ar
Ag Ag
S
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O
O
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(S)-4.45 (16%)
KHF2 (1.5 equiv)
Ph
OH
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+
CF3CO2H (2.5 equiv)
n-Bu4NBr (10%)
1,4-dioxane, 25 °C, 6 h
Ph
4.46
88% yield
>99% ee
>50:1 regio
(13)
O
O P N (S)-4.45Ar = 2,6-(i-Pr)2C6H3
BF3K
Ph
4.44
H
Ph
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gave 1,4-enyne 4.46 in excellent regio- and enantioselectivity. Although the reaction was 
only shown operative on secondary allylic alcohols to give tertiary stereocenters, the 
reaction was tolerant of many different aromatic and heteroaromatic groups on the 
electrophile.!
!
Scheme 4.9: Allylic Substitutions of 1,3-Enynes!
!
  !
!
! An alternate strategy to access the 1,4-enyne motif involves asymmetric allylic 
alkylation of 1,3-enynes with allylic transposition (Scheme 4.9). Trost and co-workers 
were the first to make use of this strategy in a molybdenum-catalyzed coupling using the 
pyridine-based Trost ligand 4.49 (Scheme 4.9, eq 14).  Under the conditions shown, the 13
coupling between the allylic carbonate-containing 1,3-enyne 4.47 and dimethyl malonate 
gave 1,4-enyne 4.50 with high enantioselectivity but low regioselectivity. Recently, 
NH HN
OO
N N
(S,S)-4.49
OMeO2C
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MeO OMe
OO
4.48
+
Mo(EtCN)(CO)3 (20%)
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90 °C, 3 h
4.50
99% ee
5.3:1 regio
CO2MeMeO2C
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+
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4.53 (5.5%)
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72% yield
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Ph Ph
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O P N
Ar
Ar
Me
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Alexakis and Li have developed a more general Cu-catalyzed variant of this coupling 
utilizing alkyl Grignard reagents and with phosphoramidite 4.53 as the chiral ligand (eq 
15).  As an example, the coupling of allylic chloride-containing 1,3-enyne 4.51 and 14
ethylmagnesium bromide underwent smooth coupling in only four hours to deliver 4.54 in 
good yield and excellent regio- and enantioselectivity. Interestingly, this method has not 
been applied to allylic substitutions involving an extra methylene unit between the alkene 
and alkyne, which would furnish 1,5-enynes. This is likely due to the specific electronic 
preferences of nucleophilic attack at the propargylic position, which would be lost in a 
homologated variant. Additionally, synthesis of the allylic carbonate-containing 1,4-
enynes that would be required as starting materials could prove difficult.!
! The stabilizing character of the adjacent triple bond has also been an essential 
factor in controlling regiochemistry for many of the current catalytic methods for the 
synthesis of 1,5-enynes.  Most of these transformations involve allylations of 15
propargylic electrophiles activated by catalytic or stoichiometric organic or transition 
metal-based Lewis acids. ,  Although these strategies have allowed for the 16 17
development of a number of high-yielding and highly regioselective reactions, there are 
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no asymmetric variants. Additionally, the mechanism through which most of these 
couplings are thought to operate (generation of an achiral carbocation) prevents 
stereospecific substitutions with optically enriched electrophiles. For example, 
Campagne and co-workers have developed a gold-catalyzed method for the direct 
substitution of aromatic propargyl alcohols with allyltrimethylsilane (Scheme 4.10, eq 
16).17a,b When the coupling was run with enantiomerically enriched alcohol 4.55, product 
4.56 was isolated as a racemic mixture. To account for this loss of enantiopurity, the 
authors propose that the reaction operates through an Au-stabilized propargyl cation (as 
seen in 4.57) which retains none of the stereochemical information of the starting 
material.!
!
Scheme 4.10: Issues with Chirality Transfer During Reaction to give 1,5-Enynes!
!
  !
!
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! Toste and Luzung have reported a related rhenium-catalyzed method that also 
utilizes unactivated propargyl alcohols and allylsilane nucleophiles (Scheme 4.10, eq 
17).17e The reaction occurred with transfer of stereochemical information from enriched 
α,γ-substituted 4.59 to product 4.60 with excellent stereospecificity at the allylic position. 
Unfortunately, the reaction shows relatively little diastereoselectivity between the syn 
and anti arrangement at the 3 and 4 positions, severely limiting synthetic utility. 
Additionally, it appears that use of this strategy to retain the enantiomeric purity of an 
enriched electrophile would also be challenging. In similar Re-catalyzed substitutions of 
propargyl alcohols with alkynylsilanes, the Takai group showed that the diyne product 
4.63 showed complete loss of enantiopurity when 4.61 was subjected to the reaction (eq 
18).17d!
!
Scheme 4.11: 1,5-Enynes via Allenylidene-Ene Reactions!
!
  !
!
! One additional method for the formation of 1,5-enynes developed by Hidai and 
Uemura takes a markedly different approach to the previous examples by utilizing a 
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unique allenylidene-ene reaction (Scheme 4.11, eq 19).  With methanethiolate-bridged 18
diruthenium complex 4.26 (see Scheme 4.5 for structure) and a catalytic amount of 
Lewis acid, the reaction delivered 1,5-enynes such as 4.66 from unactivated propargyl 
alcohols and 1,1-disubstituted olefins. As seen in equation 20, the reaction is thought to 
operate via allenylidene complex 4.67, formed upon oxidative addition of the ruthenium 
complex with the propargyl electrophile. An ene-reaction between the terminal double 
bond of 4.68 and α-methylstyrene will give vinylidene intermediate 4.69, which will yield 
the product upon loss of the ruthenium. Despite low yields, the ability to couple 
unactivated alcohols with unfunctionalized olefins is an attractive feature in terms of 
atom economy. Unfortunately, an enantioselective variant of this coupling has not been 
developed, potentially due to problems in relaying stereochemical information from the 
ruthenium center to the relatively remote site of reaction.!
!
C. Stereospecific C-C Bond Formations via Palladium-Catalyzed Substitutions of 
Propargyl Electrophiles!
! Unlike current methods for the synthesis of 1,5-enynes, palladium catalysis could 
allow for highly stereospecific construction of 1,5-enynes from optically enriched 
propargyl electrophiles (Scheme 4.12).  Palladium is known to undergo a stereospecific 19
oxidative addition with enantioenriched propargyl electrophiles to form an axially chiral 
(η1-allenyl)Pd intermediates such as 4.71. Although this intermediate is in equilibrium 
with the (η1-propargyl)Pd intermediate 4.72, both of these complexes are thought to be 
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configurationally stable and reflect the chirality of the starting material.  Upon inner-20
sphere addition of a nucleophilic coupling partner to 4.71 or 4.72, reductive elimination 
may occur to give either the alkyne- (4.73) or allene-containing product (4.74) with net 
inversion of stereochemistry. In the absence of significant steric bias, reaction through 
4.71 to give the allene-containing product generally occurs due to the thermodynamic 
stability of the (η1-allenyl)Pd intermediate as well as the lower kinetic barrier for bond 
formation with an sp2-hybridized carbon rather than an sp3.  Although the mechanism is 21
not fully understood, these enantioenriched allene products are often susceptible to 
racemization by palladium under certain reaction conditions, which often limits reaction 
scope. !22
!
Scheme 4.12: Pd-Catalyzed Couplings with Enantioenriched!
 Propargyl Electrophiles!
!
  !
!
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! In 1983, Vermeer and colleagues reported the first stereospecific Pd-catalyzed 
coupling of an enantioenriched propargyl electrophile with phenylzinc chloride (Scheme 
4.13, eq 21).  Under catalysis by Pd(PPh3)4, propargyl acetate 4.75 underwent coupling 23
with phenylzinc chloride to give allene product 4.77. The reaction showed moderate 
chirality transfer, with product stereochemistry indicative of the inner-sphere mechanism 
discussed above. Konno and co-workers were later able to develop conditions for greatly 
improved stereoselectivity in a similar coupling (eq 22).  In this example, the coupling of 24
trifluoromethyl-substituted propargyl mesylate 4.78 with phenylzinc chloride proceeded 
with near perfect conservation of enantiomeric excess. It is likely that reduced 
temperatures and specific electronic characteristics of 4.78 or 4.79 were responsible for 
the increase in stereoselectivity as compared to the previous example, which may have 
suffered from product racemization.!
!
Scheme 4.13: Stereospecific Couplings with Phenylzinc Chloride!
!
  !
!
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! In a related coupling, Yoshida and Ihara successfully utilized terminal alkyne-
containing electrophiles and arylboronic acid nucleophiles as coupling partners (Scheme 
4.14, eq 23).  Under elevated catalyst loadings and reaction temperatures, 25
enantioenriched propargyl carbonate 4.80 underwent rapid coupling with 4.81 to give 
allene 4.82 with near-complete transfer of chirality and good yield. This method was later 
extended to couplings with optically enriched propargylic epoxides as electrophiles (eq 
24). Under slightly modified conditions, the coupling of 4.83 and 4.81 proceeded with 
similarly excellent cee and increased yield. In contrast to the examples in Scheme 4.13, 
these reactions showed high stereoselectivity despite the elevated reaction 
temperatures. This observation suggests that such reactions are very sensitive to 
conditions and coupling partners.!
!
Scheme 4.14: Stereospecific Couplings with Arylboronic Acids!
!
  !
!
! Molander and colleagues have also reported a stereospecific coupling utilizing 
vinylboron nucleophiles to generate optically enriched ene-allenes (Scheme 4.15).22a 
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Although initial coupling conditions proved highly efficient with a number of racemic 
electrophiles, the authors found that the reaction showed very low chirality transfer when 
enantioenriched carbonate 4.85 was employed (eq 25). Mechanistic studies revealed 
that the allene product 4.87 was initially being formed with high stereoselectivity, but 
underwent rapid racemization by the palladium catalyst through an unknown 
mechanism. In order to improve this process, the authors used propargyl phosphate 
4.88 and the less-substituted vinylboron 4.89 to allow for more rapid reaction at room 
temperature (eq 26). When run for only two minutes, the reaction showed high 
conversion and yield, and product 4.90 was isolated with significantly higher ee. The 
scope of the coupling was quite narrow, however, with stereoselectivity suffering greatly 
when bulkier boronates or other electrophiles were used.!
!
Scheme 4.15: Molander’s Stereospecific Ene-Allene Coupling!
!
  !
!
! Related stereospecific couplings have also been developed for the formation of 
carbon-heteroatom bonds starting from optically enriched propargyl electrophiles. In 
1996, Marshall and Wolf developed a palladium-catalyzed amination of propargyl 
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mesylates (Scheme 4.16, eq 27).  The optically enriched aliphatic electrophile 4.91 26
underwent coupling with aniline to give enantioenriched propargyl amine 4.93 with high 
chirality transfer and in good yield. This is a rare example of a coupling that selectively 
yields the alkyne-containing regioisomer of product, however, the net retention of 
stereochemistry suggests a double inversion, which is characteristic of an outer-sphere 
pathway. As many of the previous examples are thought to operate through inner-sphere 
mechanisms, this feature could account for the switch in regioselectivity.!
!
Scheme 4.16: Stereospecific Carbon-Heteroatom Couplings!
!
  !
! Kalek and Stawinski have also reported a stereospecific phosphonation of 
propargyl acetates to give pharmacologically interesting allenylphosphonates (Scheme 
4.16, eq 28).  Under Pd-catalysis with DPEphos as the ligand, the coupling of 4.94 and 27
diethyl phosphite occurs with near-perfect transfer of chirality to give allenylphosphonate 
4.96. In this reaction, the inversion of stereochemistry suggests an inner-sphere 
process.!
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D. Palladium-Catalyzed Allyl-Propargyl Couplings!
! In addition to the stereospecific examples presented above, there also exist a 
myriad of palladium-catalyzed couplings of racemic propargyl electrophiles to form 
carbon-carbon  and carbon-heteroatom bonds.  Among these transformations, there 28 29
remains only one example of an allyl-propargyl coupling, surprising given the amount of 
work on the related aryl-propargyl and vinyl-propargyl couplings presented in the 
preceding sections and the allyl-allyl couplings as described in Chapters 1-3. In 1986, 
Keinan and Bosch showed that the Pd-catalyzed coupling of allylic/propargylic acetate 
4.97 and tetraallylstannane proceeded with moderate selectivity to give the allene-
containing product 4.98 and the alkyne-containing product 4.99 in a 1.8:1 ratio (Scheme 
4.17, eq 29).  Although the authors do not comment on the origins of these products, it 30
is possible that they both come from an (η1-allyl)(η1-allyl/propargyl)Pd(II) intermediate, 
where 3,3ʹ-reductive elimination with the propargyl fragment as seen in 4.101 will yield 
4.98, while 4.99 would come from a 3,3ʹ-pathway involving the allyl portion as seen in 
4.100 (eq 30). Interestingly, the authors found that the coupling did not occur with simple 
propargyl electrophiles. As seen in equation 31, aromatic (4.102) and aliphatic (4.103) 
electrophiles did not react with tetraallylstannane despite increased reaction times. In 
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these examples, decreased rates of oxidative addition are a likely difference between 
the propargyl and propargyl/allyl electrophiles.!
!
Scheme 4.17: Pd-Catalyzed Allyl-Propargyl Coupling!!
  !!!
III. Development of a Highly Stereospecific Allyl-Propargyl Coupling !31
!
A. Initial Results and Reaction Optimization!
! Given the utility of the 1,5-enyne motif and the possibility for palladium to transfer 
chirality, we were optimistic that development of a stereospecific allyl-propargyl coupling 
could be an effective and synthetically useful tool. To explore the possibility of accessing 
1,5-enynes through the coupling of a propargyl electrophile with an allylboron reagent, 
the reaction shown in Scheme 4.18 was carried out. Under conditions optimized for the 
diastereoselective couplings with MeO(furyl)BIPHEP as the ligand (MFB, 4.3, see Table 
4.1 for structure), the coupling of propargyl chloride 4.104 and allylB(pin) gave the 
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desired 1,5-enyne product 4.106 with good yield and in high regioselectivity. As 
expected, the product was nearly racemic, suggesting that the reaction was under 
substrate control and the chirality of the ligand had little effect on the stereochemistry of 
the reaction.!
!
Scheme 4.18: Initial Results for the Allyl-Propargyl Coupling!
!
  !
!
! To identify an achiral bidentate ligand that could eventually be utilized with 
enantioenriched electrophiles, the optimization as shown in Table 4.1 was carried out. 
Bis(diphenylphosphino) ferrocene (dppf) was identified as a suitable ligand for the 
reaction, giving elevated yield but low regioselectivity as compared to MeO(furyl)BIPHEP 
with the aromatic propargyl chloride (entry 1). Aliphatic electrophiles showed higher 
regioselectivity (entry 2), with lowered yields attributed to starting material 
decomposition. In an effort to move away from propargyl chloride electrophiles, 
propargyl acetates were considered in the hope that their increased stability could lead 
to higher yields. Additionally, enantioenriched propargyl acetates could be easily 
prepared from enantioenriched propargyl alcohols with complete conservation of optical 
purity. In contrast, propargyl chlorides are often prone to racemization under the 
conditions required for their synthesis from alcohols.!
!!!
Ph
Cl
B(pin)+
Pd2(dba)3 (1.25%)
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Ph
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Table 4.1: Optimization of the Allyl-Propargyl Coupling!
!
  !
!
! The aromatic and aliphatic propargyl acetates were both effective coupling 
partners in the reaction, however, they required elevated reaction temperatures and 
showed lower regioselectivity than the chlorides (entries 3 and 4). Gratifyingly, use of 
racemic 2,2ʹ-bis(diphenylphosphino)-1,1ʹ-binapthyl (rac-binap) as the ligand gave 
significantly higher regioselectivities for both the aromatic (entry 5) and aliphatic (entry 6) 
acetates, and the reactions gave improved yields as well. Use of triphenylphosphine as 
the ligand gave high regioselectivity for the allene-containing product for both 
electrophiles (entries 7 and 8). It is likely that the allene product is derived from a 
pathway related to that for the linear 1,5-dienes described in Section 1.III.C, in which a 
R temp (°C)ligand A:B yield (%)
1
2
Ph Cl dppf rt 83:17 85
3
n-pent Cl dppf rt 95:5 75
4
Ph OAc 60dppf 68:32 79
5
n-pent OAc dppf 60 84:16 74
6
Ph rac-BINAP 60 93:7 91
7
n-pent OAc rac-BINAP 60 98:2 96
Ph PPh3 60 >1:99 -
R
X
B(pin)+
Pd2(dba)3 (1.25%)
ligand (2.5%) R
CsF (3 equiv)
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R
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+
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OAc
OAc
8 n-pent PPh3 60 >1:99 -OAc
X
a Reactions were run at 0.5 M concentration of the electrophile with 1.2 equivalents of the allylboron reagent. Yield 
refers to isolated yield of purified regioisomeric mixture. Regioisomeric ratios were determined by 1H NMR anaylsis.
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monoligated palladium sits at the more substituted propargyl position and undergoes 
3,3ʹ-reductive elimination through the unsubstituted terminus.!
!
B. Scope of the Allyl-Propargyl Coupling!
! Having identified coupling partners and reaction conditions leading to high 
regioselectivity, we were eager to examine the ability to transfer chirality from optically 
enriched propargyl acetate electrophiles (Table 4.2). Excitingly, near-perfect 
conservation of enantiomeric excess (>99%) was observed when 4.108 was subjected 
to the coupling, giving the enantioenriched 1,5-enyne 4.109 in high yield and 
regioselectivity with the anticipated net inversion of configuration (entry 1). The reaction 
was also tolerant of larger groups at the propargylic position, furnishing the cyclohexyl-
substituted product 4.111 with only slightly decreased selectivity and yield. Tertiary 
acetates such as 4.112 reacted smoothly to give quaternary center-containing product 
4.113 in high yield and cee (entry 3). The slightly decreased regioselectivity is 
presumably due to the increased steric congestion of bond formation required for the 
enyne product. Similar results as in entry 1 were observed when methallylB(pin) was 
used as the nucleophile in the coupling with 4.108 to give the disubstituted 4.114 (entry 
4).!
!
!
!
!
!
!
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Table 4.2: Chirality Transfer with Aliphatic Propargyl Acetates!
!
  !
!
! Lowered stereoselectivity was observed when aromatic propargyl acetate 4.115 
was prepared and subjected to the reaction conditions (Scheme 4.19, eq 32). In contrast 
to the aliphatic examples, this coupling gave product 4.106 with only 77% conservation 
of enantiomeric excess. Since the 1,5-enyne products should be stable under reaction 
conditions, we postulated that the loss of enantiopurity must be occurring prior to 
reductive elimination. Although configurationally stable during σ-π-σ isomerization, chiral 
R
OAc B(pin)
+
Pd2(dba)3 (1.25%)
rac-binap (2.5%)
4.105
(1.2 equiv)
Entry a Acetate A:B yield (%)
931 >99n-pent
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98:2
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Cy
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2 92:8 8796
R R
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Me
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Me
a Reactions were run at 0.5 M concentration of the electrophile with 1.2 equivalents of the allylboron reagent. Yield refers 
to isolated yield of the purified regioisomeric mixture . Enantiomer ratios were determined by GC analysis on a chiral 
stationary phase. Regioisomeric ratios were determined by 1H NMR anaylsis. All yields, er and regio and values reported 
are the average of two or more experiments. b Reaction utilized methallylB(pin) as the nucleophile.
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(η1-allenyl) or (η1-propargyl)Pd(II) intermediates are known to undergo racemization by 
redox transmetallation with other palladium complexes in solution (eq 33). ,  32 33
Mechanistically, this process is believed to begin with association of an additional Pd(0) 
to a (η1-allenyl)Pd(II) complex (4.116) to form dinuclear bis Pd(I) intermediate 4.117. 
From this intermediate, rapid transfer of the allenyl fragment can occur to invert 
stereochemistry at the propargyl position as seen in 4.118. Upon dissociation of the 
original palladium, subsequent reaction will furnish the other enantiomer of product.!
!
Scheme 4.19: Stereospecific Couplings of Aromatic Electrophiles!
!
  !
!
Ph
OAc
4.115 (98:2 er)
Ph
4.106
87:13 er
77% cee
93:7 regio
80% yield
B(pin)
+
Pd2(dba)3 (1.25%)
rac-binap (2.5%)
CsF (3 equiv)
THF, 60 °C, 14 h
(32)
Ph
OAc
4.115 (98:2 er)
Ph
4.106
98:2 er
>99% cee
98:2 regio
90% yield
B(pin)+
Pd2(dba)3 (1.25%)
(R)-MFB (2.5%)
CsF (3 equiv)
THF, 60 °C, 14 h
(34)
Pd
P
PX
H
H
4.116
Ph
X= allyl, solvent, OAc
[Pd(0)]
Pd Pd
Ph
H
H
P
P P
P
4.117
I I ent-4.116
X
(33)Pd Pd
Ph
H
P
P P
PI I
X
H
[Pd(0)]
4.118
w/ (S)-MFB
96:4 er
96% cee
90:10 regio
4.105
(1.2 equiv)
4.105
(1.2 equiv)
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 a) Ogoshi, S.; Nishida, T.; Shinagawa, T.; Kurosawa, H. J. Am. Chem. Soc. 2001, 123, 7164. b) 32
Ogoshi, S.; Nishida, T.; Fukunishi, Y.; Tsutsumi, K.; Kurosawa, H. J. Organometallic Chem. 2001, 
620, 190. c) Tsutsumi, K.; Ogoshi, S.; Nishiguchi, S.; Kurosawa, H. J. Am. Chem. Soc. 1998, 120, 
1938.
 For related redox transmetallations in Pd-allyl systems, see: a) Granberg, K. L.; Bäckvall, J.-E. 33
J. Am. Chem. Soc. 1992 114, 6858. b) Amatore, C.; Gamez, S.; Jutand, A.; Meyer, G.; Moreno-
Mañas, M.; Morral, L.; Pleixats, R. Chem. — Eur. J. 2000, 6, 3372. c) Amatore, C.; Jutand, A.; 
Mensah, L.; Meyer, G.; Fiaud, J.-C.; Legros, J.-Y. Eur. J. Org. Chem. 2006, 1185.
! To circumvent the proposed racemization pathway, we began to consider 
modifications that could help to increase the rate of the desired reaction. In our initial 
optimization, we had observed enhanced reactivity when the chiral MeO(furyl)BIPHEP 
ligand was employed in the coupling (Scheme 4.18). When 4.115 was treated with 
allylB(pin) and a catalyst formed with (R)-MFB, product 4.106 was delivered with near-
perfect cee, with enhanced regioselectivity and yield (Scheme 4.19, eq 34). Interestingly, 
when the reaction was run with the (S)-enantiomer of ligand, slightly decreased 
stereospecificity and regioselectivity were observed.  This result suggests that, although 34
the reaction is predominantly under substrate control, there might be some influence 
from the catalyst.!
! Having shown the allyl-propargyl coupling to be highly stereospecific for a variety 
of optically enriched propargyl acetates, the scope was explored further with a number of 
racemic substrates (Table 4.3). Couplings to give 1,5-enynes containing pendant 
aromatic rings (4.119), olefins (4.120), and protected alcohols (4.121 and 4.122) were all 
found to proceed with excellent regioselectivity and good to excellent yields. Additional 
tertiary acetates as well as those in which the leaving group was both propargylic and 
allylic gave products 4.123 and 4.124 with slightly decreased regioselectivity but high 
yields. Electronically differentiated aromatic substitution was also well tolerated, giving 
products 4.125-4.127 in good yields and regioselectivity. Disubstituted 1,5-enynes 4.128 
and 4.129 could also be formed in good yields and regioselectivity utilizing the 
corresponding β-alkyl substituted allylB(pin) analogues.!
!
!
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 Results obtained by former graduate student Angelica Neitzel.34
Table 4.3: Regioselective Allyl-Propargyl Couplings!
!
  !
!
! The stereospecific allyl-propargyl coupling should serve as an important synthetic 
tool considering the wide array of unique cycloisomerizations that have been developed 
for the 1,5-enyne motif. To demonstrate this feature, coupling product 4.114 was 
subjected to conditions developed by the Kozmin group for siloxyalkyne cyclization as 
described in Section 4.II.A. A one-pot oxidation and silyl protection of 4.114 yielded 
intermediate 4.130, which was not purified after workup but subjected directly to the 
Brønsted acid-catalyzed cyclization with HNTf2. This process yielded the disubstituted 
R
OAc
+
Pd2(dba)3 (1.25%)
rac-binap (2.5%)
R
B(pin)
H/R'
4.119
96% yield
>99:1 regio
4.120
89% yield
98:2 regio
4.122
77% yield
>99:1 regio
TBDPSO
4.123
93% yield
89:11 regio
Me
n-pent
H/R'
BnO
4.121
91% yield
>99:1 regio
4.124
93% yield
90:10 regio
Me
Me
N
Boc
MeO Cl
Me
4.127
87% yield
93:7 regio
4.126
59% yield
94:6 regio
4.125
95% yield
93:7 regio
CsF (3 equiv)
THF, 60 °C, 14 h
4.128
83% yield
89:11 regio
Ph
Me
n-pent
4.129
85% yield
92:8 regio
n-hexyl
Reactions were run at 0.5 M concentration of the electrophile with 1.2 equivalents of the allylboron reagent. Yield refers 
to isolated yield of purified material. Regioisomeric ratios were determined by 1H NMR anaylsis. All yields and 
regioisomer ratios reported are the average of two or more experiments.
R
+
H/R'
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cyclohexenone 4.131 with no loss of enantiopurity from the starting material and in good 
yield over the two steps. This represents the first time this transformation has been 
attempted on an optically enriched 1,5-enyne, and provides a new entry into 
synthetically valuable enantioenriched cyclohexenones. !35
!
Scheme 4.20: Cyclization of 1,5-Enyne Products to give Cyclohexenones!
!
  !
!
C. Allyl-Propargyl Couplings to give 3,4-Disubstituted 1,5-Enynes!
! We also hoped to extend the coupling to include γ-substituted allylboron 
reagents to allow access to 3,4-disubstituted 1,5-enyne products (Table 4.4). In addition 
to the allene-containing products of type C, regioselectivity in these couplings was also 
complicated by the γ-regioisomer B. As with the sterospecific aromatic couplings 
presented in Scheme 4.19, the best results were obtained when a non-racemic acetate 
was paired with a chiral ligand. In this case, an increased level of double 
diastereodifferentiation was observed. The ‘matched’ pair appeared to be the (R)-
n-pent
Me
OTIPS
n-pent
Me LiHMDS
HOOt-Bu HN(Tf)2
n-pent
O
Me
4.131
76% yield
>99:1 er
4.114
>99:1 er
DCM, 1h
1)
2) TIPS-OTf
4.130
intermediate not purified
(35)
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 For a review on the synthesis and use of this motif, see a) Klunder, A. J.; Zhu, J.; Zwanenburg, 35
B. Chem Rev. 1999, 99, 1163. For recent reports on synthesis of chiral cyclohexenones, see b) 
Hareau, G. P.-J.; Koiwa, M.; Hikichi, S.; Sato, F. J. Am. Chem. Soc. 1999, 121, 3640. c) 
González, M. A.; Ghosh, S.; Rivas, F.; Fischer, D.; Theodorakis, E. A. Tetrahedron Lett. 2004, 45, 
5039. d) Taylor, M. S.; Zalatan, D. N.; Lerchner, A. M.; Jacobsen, E. N. J. Am. Chem. Soc. 2005, 
127, 1313. e) Soeta, T.; Selim, K.; Kuriyama, M.; Tomioka, K. Tetrahedron 2007, 63, 6573. f) 
Seider, T.; Cramer, T. Angew. Chem. Int. Ed. 2008, 47, 9294.
enantiomer of ligand with the (S)-enantiomer of substrate (entry 1). This combination 
yielded disubstituted enyne 4.132 with excellent stereospecificity, moderate 
regioselectivity for the desired branched product, and diastereoselectivity favoring the 
anti product. When the (S)-enantiomer of ligand was used, cee, regio- and 
diastereoselectivity all fell significantly (entry 2). The coupling was also operative with 
racemic aliphatic acetate 4.108, delivering products 4.133 and 4.134 in good 
diastereoselectivity when (S,S)-QuinoxP* was used as the ligand (see Scheme 4.26 for 
structure).!
!
Table 4.4: Couplings to give 3,4-Disubstituted 1,5-Enynes!
!
  !
Pd2(dba)3 (1.25%)
Ligand (2.5%) R
CsF (3 equiv)
THF, 60 °C, 14 h
B(pin)R'
R'
A
C
R
OAc
+
+
R .
R R'
B
Entrya Acetate A:B:C yield (%)
851 >99
Ph
OAc
4.115 (98:2 er) 4.132 (98:2 er)
4.5:1.2:1
Product cee (%) dr
2:1
Ph
Me
n-pent
OAc
n-pent
Me
n-heptyl
n-pent
3
4
n-pent
OAc
4.108 4.133
4.1344.108
-
-
R'
8125:25:1 8:1
438:5.3:1 8:1
a Reactions were run at 0.5 M concentration of the electrophile with 1.2 equivalents of the allylboron reagent. Yield refers 
to isolated yield of purified material. Regioisomeric ratios were determined by 1H NMR anaylsis. All yields and regio 
values reported are the average of two or more experiments.
(R)-MFB
(S,S)-
QuinoxP*
(S,S)-
QuinoxP*
802 72
Ph
OAc
4.115 (98:2 er) 4.132 (98:2 er)
1.2:1.2:1 1:1
Ph
Me
(S)-MFB
Ligand
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! To account for the matched/mismatched character observed in entries 1 and 2, 
the stereochemical model as presented in Figure 4.1 was developed. In the ‘matched’ 
case, oxidative addition of the (R)-MFB derived catalyst with the (S)-enantiomer of 4.115 
followed by transmetallation of the cis-crotylB(pin) will yield the (η1-allyl)(η1-allenyl)Pd(II) 
intermediate 4.136. As in the allyl-allyl couplings, the pseudoequatorial ring should 
influence the positioning of the allyl fragment, favoring the orientation shown. This 
conformation also places the methyl substituent anti to the phenyl substituent on the 
allenyl portion, allowing reductive elimination to furnish the observed diastereomer. To 
access the anti-relationship in the mismatched case (bottom arrow), the allyl unit is 
forced to adopt a conformation in which C1 and C2 are brought in close proximity to the 
pseudoequatorial furyl ring of (S)-MFB as seen in 4.137. This disparity between ligand- 
and substrate-preferred conformation likely accounts for the lowered diastereoselectivity 
and regioselectivity. Additionally, this interaction might also slow down the desired 
reaction, allowing the background redox transmetallation to occur to a greater extent and 
result in the lowered stereospecificity observed.!
!
!
!
!
!
!
!
!
!
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Figure 4.1: Stereochemical Model for Matched/Mismatched Interactions!
!
!
! There were also coupling patterns that proved unsatisfactory in the propargyl-
allyl coupling (Scheme 4.21). When internal alkyne 4.138 was prepared and subjected to 
the coupling with allylB(pin), the allene-containing 4.139 was now observed as the major 
product in a 2.7:1 ratio with the 1,5-enyne product 4.140 (eq 36). This turnover in 
regioselectivity was attributed to interactions of the alkynyl substituent with the ligand 
scaffold during the reaction. Oxidative addition with 4.138 followed by transmetallation 
will lead to an (η1-allenyl) intermediate in which R2 is directly adjacent to the catalyst 
(4.141). This substituent is attached to an sp2-hybridized carbon, which likely points the 
alkyl chain directly into the ligand scaffold. The (η1-propargyl) intermediate 4.142 may 
now be the favored isomer, as the sp3-hybridized propargyl carbon has more rotational 
freedom and can better avoid interactions between the substituent and the ligand. 
Subsequent 3,3ʹ-reductive elimination through 4.142 will yield the major regioisomer 
4.139, while the 3,3ʹ-pathway from 4.141 yields enyne 4.140. Fortunately, internal 1,5-
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Ph
OAc
B(pin)
 (R)-MFB
Me
+
 (S)-MFB
P PPd
Arax
Arax
O
O
Me
.
Ph
H
H
PP Pd
Arax
Arax
O
O
.
Ph
H
H
'matched': 
(S)-acetate, 
(R)-ligand
'mismatched': 
(S)-acetate, 
(S)-ligand
[Pd]
[Pd]
Ph
Me
Ph
Me
Me
4.136
4.137
(S)-4.115
4.135
4.132
4.132
enynes are easily obtained through alkylation of the unsubstituted products, providing a 
less direct but more selective route to 4.140.!
!
Scheme 4.21: Nonselective and Unreactive Coupling Partners!
!
  !
!
! We had also hoped to extend the coupling to allow for use of allenylB(pin) in 
place of allylB(pin) in order to access 1,5-diynes (eq 38). Unfortunately, this reagent 
combination showed low reactivity and delivered none of the desired product 4.143; 
instead, a small amount of what appeared to be the regioisomeric alkyne-allene 4.144 
was observed. It is likely that the 3,3ʹ-reductive elimination between two η1-allenyl units 
that would be necessary for the coupling is unfavored relative to other partners.!
!
!
!
!
OAc
+ B(pin)
Pd2(dba)3 (1.25%)
rac-binap (2.5%)
CsF (3 equiv)
THF, 60 °C, 14 h n-pent
1.2 equiv
0%
n-pent n-pent
~10%
R1
OAc
B(pin)
Pd2(dba)3 (1.25%)
rac-binap (2.5%)
CsF (3 equiv)
THF, 60 °C, 14 h
1.2 equiv
R2
R1
R2
R1
R24.139 4.140
68% Yield
73:27 4.139:4.140
Pd
P
P
Pd
P
P
R2 R2 R1R1 R1= n-pentR2= n-Bu
+
4.141 4.142
4.138
(36)
4.108 4.2
(38)
4.143 4.144
+
(37)
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D. Mechanistic and Computational Investigations of the Allyl-Propargyl Coupling!
! To gain a deeper understanding of the allyl-propargyl coupling, a few additional 
mechanistic experiments were carried out. To allow direct comparison between 
exchanged allylic and propargylic coupling partners, the experiments in Scheme 4.22, 
equations 39 and 40 were carried out. Although the yields differed slightly, couplings 
between propargyl acetate 4.115 and allylB(pin) (eq 39), or cinnamyl acetate 4.145 and 
allenylB(pin) (eq 40) gave nearly identical regioselectivity. These results provide further 
evidence that both reactions involve inner-sphere processes and proceed through a 
common, rapidly interconverting (η1-allenyl)(η1-allyl)Pd(II) intermediate prior to reductive 
elimination.!
!
Scheme 4.22: Mechanistic Studies on Allyl-Propargyl Coupling!
!
  !
!
! To further probe the matched/mismatched nature of the coupling, reactions of a 
single enantiomer of aliphatic acetate were examined utilizing each enantiomer of binap 
(Scheme 4.22, eq 41). Unlike the aromatic substrates, aliphatic acetate 4.108 showed 
Ph
OAc
B(pin)+
Ph
Ph
OAc
+ B(pin)
Pd2(dba)3 (1.25%)
rac-binap (2.5%)
CsF (3 equiv)
THF, 60 °C, 14 h
Ph
91% yield
93:7 regio
77% yield
96:4 regio
1.2 equiv
1.2 equiv
n-pent
OAc
B(pin)+
Pd2(dba)3 (1.25%)
Ligand (2.5%)
n-pentCsF (3 equiv)THF, 60 °C, 14 h4.105
1.2 equiv4.108 (>99:1 er)
(39)
(40)
4.109
binap regio er
>99:199:1(R)
>99:198:2rac
98:293:7(S)
(41)
4.115
4.145
4.105
4.2
4.106
4.4
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very little diastereodifferentiation between the two enantiomers of catalyst. Although a 
small difference in regioselectivity was observed, the reaction appeared to be almost 
entirely under substrate control for the aliphatic substrates and gave products with high 
net inversion of configuration in both cases. This result suggests that the background 
redox-transmetallation pathway may be slower for aliphatic substrates, potentially due to 
the decreased π-acidity of the aliphatic version of intermediate 4.116 (Scheme 4.19).!
!
Figure 4.2: Reaction Coordinate for Simple Propargyl-Allyl Coupling!
!
  !
!
! To understand basic electronic features of the allyl-propargyl coupling, 
computations were carried out on an unsubstituted system utilizing binap as the ligand 
(Figure 4.2). As expected based on previous mechanistic data, the (η1-allenyl)(η1-
allyl)Pd(II) intermediate (GS4.B) was found to be the most stable ground state isomer. 
The (η1-propargyl)(η1-allyl)Pd(II) intermediate (GS4.A) was 7.1 kcal/mol higher in energy, 
ΔG333.15
Calculated activation free energy barriers (∆G) in kcal/mol relative to GS4.B. (B3LYP-PCM(THF)/LANL2DZ(Pd)-6-
31G**(C,H,P) (333.15 K).
Pd
P
P
Pd
P
P
GS4.A GS4.B
GS4.B
GS4.A
7.1
0.0
TS4.A
17.7
TS4.B
23.3
Pd
P
P
3'
3
Pd
P
P
1'
1
‡
TS4.B
TS4.A
‡.
P
P
= binap
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most likely due to less-favorable bonding between the palladium and C1 of the propargyl 
unit.20,21 From GS4.B, the 3,3ʹ- and 1,1ʹ-reductive elimination pathways were considered 
to allow comparison to allyl-allyl couplings. The 3,3ʹ-pathway (TS4.A) showed an 
activation free energy barrier of 17.7 kcal/mol, while the 1,1ʹ-pathway (TS4.B) was 
calculated to be 5.6 kcal/mol higher in energy at 23.3 kcal/mol. Although this energy gap 
still predicts the 3,3ʹ-pathway to be overwhelmingly favored, the difference between the 
two pathways is now significantly smaller than calculated in allyl-allyl couplings. This 
feature appears to be a result of an increase in the barrier for the 3,3ʹ- as well as a 
decrease in that of the 1,1ʹ-pathway as compared to the expected barriers for 
unsubstituted bis(allyl) complexes (See Section 1.II.C). Considering TS4.A, the allenyl 
fragment appears to remain fairly linear, resulting in an earlier and presumably more 
strained transition state. The decreased barrier for TS4.B is likely due to a more favorable 
sp2-sp3 carbon-carbon bond formation as compared to the sp3-sp3 coupling required for 
1,1ʹ-reductive elimination from bis(allyl) complexes.!
!
!
IV. Development of a Kinetic Resolution of Racemic Propargyl Acetates to Give 
Enantioenriched 1,5-Enynes !36
!
A. Significance of the Advance and Background!
! Noting the small amount of matched/mismatched character with the 
stereospecific couplings, we began to wonder if conditions could be further modified to 
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allow for kinetic resolution of racemic propargyl acetates (Scheme 4.23).  Although non-37
enzymatic catalytic resolutions of propargyl alcohols are well known,  these processes 38
only provide products that are easily accessed via asymmetric transformations.1 The 
power of the proposed resolution would lie in the ability to generate enantioenriched 1,5-
enynes from racemic starting material under control of a chiral catalyst. Similar 
transformations have been reported for non-symmetric allylic systems,  but it appears 39
that the strategy has yet to be applied to propargyl electrophiles.!
!
Scheme 4.23: Kinetic Resolution to give Optically Enriched 1,5-Enynes!
!
  !
!
! There are, however, a few related examples of stereoconvergent transition-metal 
catalyzed reactions of propargyl systems that warrant mention (Scheme 4.24). In 1997, 
Mikami and Yoshida reported a dual Pd/SmI2 catalyzed dynamic protonation of racemic 
propargyl phosphate 4.146 (eq 42).  Under catalytic amounts of Pd(PPh3)4 with 40
[Pd], L*B(pin)
+
(0.5 equiv)R
X
R R
X
+
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 For general discussion on kinetic resolution, see: a) Kagan, B. H.; Fiaud, J. C. Top. 37
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M. Angew. Chem. Int. Ed. 2005, 44, 3974.
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Jiang, H.; Uffman, E. W.; Guo, L.; Zhang, Y.; Yang, X.; Birman, V. B. J. Org. Chem. 2012, 77, 
1722.
 a) Choi, Y. K.; Suh, J. H.; Lee, D.; Lim, I. T.; Jung, J. Y.; Kim, M. J. J. Org. Chem. 1999, 64, 39
8423.  b) Gais, H. J.; Bondarev, O.; Hetzer, R. Tetrahedron Lett. 2005, 46, 6279. c)  Mao, B.; Ji, 
Y.; Fañanás-Mastral, M.; Caroli, G.; Meetsma, A.; Feringa, B. Angew. Chem. Int. Ed. 2012, 51, 
3168.
 a) Mikami, K.; Yoshida, A. Angew. Chem. Int. Ed. 1997, 36, 858. b) Mikami, K.; Yoshida, A. 40
Tetrahedron, 2001, 57, 889.
stoichiometric samarium and chiral alcohol 4.147 as the proton source, the reaction 
proceeded rapidly to give allenic ester 4.148 in good yield and excellent 
enantioselectivity. The reaction is proposed to operate via initial formation of an 
(allenyl)Pd(II) species followed by reductive transmetallation to the samarium to form an 
(allenyl)samarium(III) species. Both the allenyl-palladium and samarium intermediates 
are thought to interconvert through the redox pathway described in Scheme 4.19, eq 33, 
allowing one enantiomer of intermediate to be selectively protonated by the chiral 
alcohol. The reaction was highly substrate specific, and was not applied to propargyl 
phosphates other than 4.146.!
!
Scheme 4.24: Stereoconvergent Manipulations of Propargyl Electrophiles!
!
  !
OPO(OEt2)
CO2Me
Pd(PPh3)4 (5%)
SmI2 (2 equiv)
4.147 (1.1 equiv)
THF, rt, 10 min
CO2Me
H
H
4.148
68% yield
>95% ee
(42)
4.146
OHO
O
Me
Me 4.147
Ph
n-Bu
CO2Me
[(allyl)PdCl]2 (1%)
(S)-4.150 (4%)
LiF (1.1 equiv)
CO balloon
tol, rt, 24 h
Ph
n-Bu
CO2Me
H
4.151
77% yield
93% ee
(43)
MeO
MeO PAr2
PAr2
(S)-4.150
4.149
N
N
OO
N
H
H
H
H
(−)-4.154
n-Bu
TMS
Br  (−)-4.154 (4%)
glyme, -20 °C
4.152
ZnEt
4.153
n-Bu
TMS
Ph 4.155
90% yield
92% ee
NiCl2•glyme (3%)
(44)
Ar = 3,5-
(OMe)2C6H3
Mikami, 1997
Ma, 2013
Fu, 2012
+
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!
!
! A similar mode of dynamic interconversion was proposed to be operative by the 
Ma group in a recently reported asymmetric carbonylation of racemic propargyl 
carbonates (Scheme 4.24, eq 43).  Under palladium catalysis with the recently 41
developed ECNU-Phos ligand (4.150),  the carbonylation of 4.149 gave allene 4.151 in 42
good yield and enantioselectivity. The electron-rich nature of the aromatic rings on the 
ligand were found essential for the high enantioselectivity observed. This is likely due to 
their ability to slow reductive elimination and therefore allow the redox pathway to fully 
isomerize the diastereomeric (η1-allenyl)Pd(II) intermediates. In the case of our 
stereospecific coupling, this isomerization was undesired, and use of the electron-
withdrawing furyl rings on the MeO(furyl)BIPHEP ligand likely had an opposite effect.!
! Fu and Smith have also reported a stereoconvergent Ni-catalyzed cross-coupling 
of propargyl halides and arylzinc reagents (Scheme 4.23, eq 44).  Using pybox ligand 43
4.154, the coupling gave product 4.155 in high yield and enantioselectivity and was 
shown tolerant for a number of alkyl-substituted propargyl bromides and aromatic 
organozinc reagents. The method has also been extended to allow the coupling of 
propargyl carbonate electrophiles and arylzinc halide nucleophiles under similar 
conditions with comparable yields and enantioselectivities.  In related chemistry, the Fu 44
group has proposed a radical-based inner-sphere electron-transfer pathway for oxidative 
addition of Ni with alkyl halides.  A radical pathway could also account for the 45
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stereoconvergence seen with coupling to racemic propargyl halides, with the observed 
regioselectivity derived from the stability of the propargyl radical. !46
!
B. Initial Results and Optimization!
! Although results obtained during the development of the stereospecific coupling 
suggested that the allyl-propargyl coupling was predominately under substrate control, 
we hoped to identify conditions that would allow a resolution as described in the 
preceding section. In this context, the reaction of racemic aliphatic acetate 4.108 with 
only 0.5 equivalents of allylB(pin) was carried out using the chiral (S,S)-QuinoxP* ligand 
(4.155), which had previously shown good selectivity with aliphatic allylic electrophiles 
(Scheme 4.25). We were excited to find that the reaction did show an appreciable 
amount of resolution: at 64% conversion both the enyne product 4.109 and the 
recovered starting material were non-racemic. Based on the 81:19 er of the enyne and 
91:9 er of the acetate at 64% conversion, a selectivity factor (s) of 6.5 was calculated.  47
Although this value corresponded to only moderate resolution, it provided hope that 
further optimization could allow for a highly selective reaction.!
!
Scheme 4.25: Initial Kinetic Resolution Results!
!
  !
Pd2(dba)3 (1.25%)
(S,S)-4.155 (2.5%)
CsF (3 equiv)
THF, 60 °C, 14 hB(pin)
+
(0.5 equiv)
n-pent
OAc
n-pent n-pent
OAc
4.109
81:19 er
4.108
91:9 er
+
64% conversion
s = 6.5
N
N P
P
CH3
t-Bu
CH3
t-Bu
(S,S)-
QuinoxP*
4.108
4.105 4.155
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 Denieul, M.-P.; Quiclet-Sire, B.; Zard, S. Z. Tetrahedron Lett. 1996, 37, 5495.46
 s=(rate of fast reacting enantiomer)/(rate of slow reacting enantiomer). calculated as ln[(1-47
Conv/100)(1-ee4.108/100)]/ln[(1-Conv/100)(1+ee4.108/100)]; see ref. 37a.
Table 4.5: Optimization of Conditions and Electrophile!
!
  !
!
! Initial optimization focused on identification of reaction conditions and an 
electrophile that would lead to higher selectivity (Table 4.5).  For these studies, 48
(S)‑binap (see Table 4.6 for structure) was chosen as the chiral ligand due to a relatively 
low cost as compared to other bidentate chiral ligands and similar performance to 4.155 
under the initial conditions (Entry 1). Temperature appeared to have little effect on the 
selectivity of the resolution: reactions carried out at 60, 40 and 25 °C all gave similar s 
values and showed significantly decreased reactivity at lower temperatures (entries 1-3). 
Solvent polarity was shown to have a moderate effect on the reaction, with selectivity 
increasing slightly when the reaction was run in dioxane (entry 4) and decreasing in 
n-pent
X B(pin) +
(S)-binap (5%)
n-pentCsF (3 equiv)
solv., time, temp.
Entry
4.105
X
n-pent
1 OAc
sbConv [%]at[h]
14 52 3.8
T[°C]
60
2 OAc 14 33 3.740
3 OAc 14 3 3.825
4
OAc 14 50 1.960
6 OBoc 5 52 1.360
7
OTBS 14 0 nd60
Pd2(dba)3 (2.5%)
solvent
THF
THF
THF
DCM5
8
THF
THF
+
OPiv 14 67 4.960THF
OAc 14 50 4.260dioxane
X
4.109(0.5 equiv)
aConv=[eeA/(eeA+ee4.109)], enantiomeric excess determined by GC analysis on a chiral stationary 
phase. b s=kfast/kslow=ln[(1-Conv/100)(1-eeA/100)]/ln[(1-Conv/100)(1+eeA/100)]
Cl 14 60 1.03259 THF
AA
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 Extensive optimization was carried out predominately by fellow graduate student Meredith Eno, 48
the results presented in Table 4.5 are a summary of this study.
dichloromethane (entry 5). A survey of different leaving groups on the propargyl 
electrophile revealed that the bulkier pivalate group (entry 7) showed increased 
selectivity as compared to the acetate group. Unfortunately, this increase was small, and 
other leaving groups considered either showed lower selectivity (entries 6 and 9), or 
were unreactive (entry 8).!
!
Table 4.6: Ligand Screen for Kinetic Resolution!
!
  !
!
! Seeing little improvement in selectivity with varied reaction conditions, we began 
to consider the effect of different chiral ligands (Table 4.6). With the idea that ligands 
possessing sterically larger aromatic rings could lead to higher selectivity, xylyl-binap 
(4.156) was used in place of binap (entry 1). Interestingly, this alteration had the 
opposite effect, and the selectivity factor fell below 2. Focus was then shifted to other 
PAr2
PAr2
MeO PAr2
PAr2MeO
MeO P(furyl)2
P(furyl)2
MeO PdCl2
binap Ar=Ph
4.156 Ar=3,5-xylyl
4.157 Ar=Ph
MFB Ar=2-furyl  (R)-4.158
1 (R)-4.156 14 52 1.960
2 (R)-4.157 14 56 6.660
3 (R)-MFB 14 50 18.660
4c (R)-4.158 8 45 14.960
LigandEntry sbConv (%)at (h) T (°C)
n-pent
OAc
B(pin) +
Ligand (5%)
n-pentCsF (3 equiv)
THF, time, temp.4.105
OAc
n-pent
Pd2(dba)3 (2.5%)
+
4.108 4.1084.109(0.5 equiv)
a Conv=[ee4.108/(ee4.108+ee4.109)], ee  determined by GC analysis on a chiral stationary phase. 
b s=kfast/kslow=ln[(1-Conv/100)(1-ee4.108/100)]/ln[(1-Conv/100)(1+ee4.108/100)]. c Run with 0.75% catalyst
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ligand scaffolds, and promising results were observed with MeO(phenyl)BIPHEP as the 
ligand (4.157). We were surprised to see an even larger increase in selectivity was 
observed with MeO(furyl)BIPHEP (MFB), the ligand that had proven most effective in 
allyl-allyl couplings (entry 3). Unfortunately, it appeared that there was a small amount of 
background reaction that led to artificially high s values for the Pd2(dba)3/MFB catalyst 
system. As in the allyl-allyl couplings presented in Chapter 3, use of the preformed 
catalyst 4.158 showed significantly cleaner and more reproducible reaction and gave a 
selectivity factor of 14.9 for aliphatic acetate 4.108 (entry 4). As in the previous 
couplings, use of catalyst 4.158 also allowed for reduced catalyst loadings (0.75% vs. 
5%), and showed decreased reaction time (8 vs. 14 h).!
!
C. Scope of the Kinetic Resolution!
! Having identified reaction conditions and a catalyst that led to efficient, selective 
kinetic resolution, we began to explore other aliphatic propargyl electrophiles (Table 4.7). 
In addition to the pentyl-substituted 4.108, the reaction was found to tolerate aliphatic 
electrophiles with protected alcohols (entries 1 and 2), showing enhanced selectivity with 
the sterically bulky TBDPS group. Pendant aromatic rings were also allowed (entries 3 
and 4), however, the reaction showed lower selectivity with benzylic substitution. 
Unsaturated substituents also showed slightly decreased selectivity (entry 5), likely due 
to the decreased bulk of the sp2-hybridized carbon center. Interestingly, a larger 
cyclohexyl substituent (entry 6) showed no improvement in selectivity, and was slow to 
react even at longer reaction times. As would be expected, use of the (S)-enantiomer of 
catalyst provided the opposite configuration of product and recovered acetate, and gave 
the same s value (entry 7).!
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!
!
Table 4.7: Kinetic Resolution of Aliphatic Substrates!
!
  !
!
! Aromatic propargyl acetates also readily participated in the resolution, with 
reactions generally complete in only 1-2 hours at lowered catalyst loading (Table 4.8). 
The parent phenyl-substituted acetate (entry 1) showed comparable selectivity to the 
aliphatic substrates, with similar results obtained from the para-tolyl acetate as well 
(entry 2). Substrates with electron-donating (entries 3 and 5) as well as electron-
BnO
R
OAc B(pin)+ R(0.5 equiv)
OAc
R
(R)-4.158 (0.75%)
CsF (3 equiv)
THF, 60 oC, time
REntry
1
2
3
4
5e
6
er Aa er Ca Conv (%)c sAVGd
85:15 61:39
83:17 63:37
a
b
24
29 6.5
87:13 72:28
88:12 74:26
a
b
37
39 11.1
run
A B
7f
R
C
>20:1
>20:1
>20:1
>20:1
A:Bb
Me
14:86 13:87
12:88 15:85
a
b
50
48 14.5
>20:1
>20:1
90:10 62:38
90:10 64:36
a
b
23
26 11.6
>20:1
>20:1
Me
Me
Me 83:17 70:30
82:18 77:23
a
b
42
46 7.4
90:10
90:10
TBDPSO
n.d. 74:26
n.d. 75:25
a
b
36
36 26.3
>20:1
>20:1
79:21n.d.
84:16n.d.
a
b
45
49 10.4
>20:1
>20:1
t (h)
8
12
8
8
1.5
14
8
a Enantiomer ratios were determined by GC or SFC analysis on chiral stationary phase.  b Determined by 1H NMR 
analysis.  c Conv=[eeC/(eeC+eeA)]. d s=kfast/kslow=ln[(1-Conv/100)(1-eeC/100)]/ln[(1-Conv/100)(1+eeC/100)]. e Run with 
0.5% catalyst. f Run with (S)-4.158 as the catalyst.
+ +
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withdrawing (entry 4) substituents on the aryl ring all showed slightly decreased 
selectivity, as did the indole-containing acetate (entry 6). !
Table 4.8: Kinetic Resolution of Aromatic Substrates!
!
  !
!
! To further test the synthetic utility of the resolution, two additional experiments 
were carried out (Scheme 4.26). First, the reaction was conducted on a larger scale with 
one gram of aliphatic acetate 4.108 (eq 46). The selectivity of the reaction was relatively 
unchanged, and importantly, both the enantioenriched 1,5-enyne product as well as the 
recovered acetate could be isolated in good to excellent yield (93 and 73% respectively). 
The resolution was also run using methallylB(pin) (4.160) in order to probe the effect of a 
N
Boc
O
O
1
2
3
4
5
6
86:14 78:22
85:15 88:12
a
b
44
52 11.5
85:15 78:22
88:12 72:28
a
b
45
37 10.3
80:20 81:19
82:18 81:19
a
b
48
47 7.8
82:18 73:27
82:18 72:28
a
b
41
41 7.1
84:16 75:25
84:16 82:18
a
b
42
48 9.4
76:24 79:21
68:32 88:12
a
b
53
67 5.0
p-tolyl
p-MeO
p-Cl
91:9
90:10
90:10
91:9
92:8
92:8
>20:1
>20:1
92:8
92:8
91:9
91:9
2
2
2
2
1.5
1
Ph
R
OAc B(pin)+ R(0.5 equiv)
OAc
R
(R)-4.158 (0.75%)
CsF (3 equiv)
THF, 60 oC, time
REntry er Aa er Ca Conv (%)c sAVGdrun
A B
R
C
A:Bbt (h)
+ +
a Enantiomer ratios were determined by GC or SFC analysis on chiral stationary phase. b Determined by 1H NMR 
analysis.  c Conv=[eeC/(eeC+eeA)]. d s=kfast/kslow=ln[(1-Conv/100)(1-eeC/100)]/ln[(1-Conv/100)(1+eeC/100)].
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different nucleophile (eq 47). In line with previous results, this reaction proceeded 
efficiently, and showed a selectivity value nearly identical to that observed with 
allylB(pin) as the nucleophile.!
!
Scheme 4.26: Further Synthetic Utility of the Resolution!
!
  !
!
D. Mechanistic and Computational Studies of the Kinetic Resolution!
! Similarities in selectivity values obtained when allylB(pin) and methallylB(pin) 
were employed as nucleophiles in the resolution suggests that the stereodetermining 
step of the reaction likely did not involve the nucleophile. To further test this idea, the 
experiment presented in Table 4.9 was carried out to study kinetic isotope effects. 
Expecting to observe a secondary isotope effect during hybridization change at the 
alkyne during the reaction, alkynyl-deuterated d-4.108 was prepared. Labeled d-4.108 
was then combined with unlabeled 4.108, and the substrate mixture was subjected to 
the resolution to allow comparison by competition study. The reaction was carried out at 
two different initial ratios of substrate (runs 1 and 2). Based on the difference between 
n-pent
OAc
B(pin) n-pent
(0.5 equiv)
OAc
n-pent+
(R)-4.158 (0.75%)
CsF (3 equiv)
THF, 60 oC, 8 h
4.108
1.0 gram
4.109
93% yield
89:11 er
4.108
73% Yield
82:18 er
46% conv.  
s = 15.5
n-pent
Me
n-pent
OAc
B(pin)+
(0.6 equiv)
(R)-4.158 (0.75%)
CsF (5 equiv)
THF, 60 oC, 12 h
Me
4.114
86:14 er
4.108
89:11 er
52% conv.
 s = 13.7+
(46)
4.1604.108
(47)
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the ratio of labeled and unlabeled substrate at the beginning and end of each reaction, 
the separate rates of reaction for 4.108 and d-4.108 could be calculated. Comparison of 
these rates revealed an average kH/kD of 0.70. !
!
Table 4.9: Labeling Study to Probe for KIE!
!
  !
!
! The calculated kH/kD value is characteristic of a secondary inverse kinetic isotope 
effect, and is likely derived from an sp to sp2 hybridization change at the alkyne during 
the rate-determining step. This result suggests that oxidative addition is the first 
irreversible step of the reaction and therefore also likely to be stereodetermining. 
Considering the proposed catalytic cycle (Figure 4.3), the anticipated sp to sp2 
hybridization change at the alkyne is observed only during oxidative addition of acetate 
4.108 with the palladium catalyst (I to II). During transmetallation (II to III), no 
hybridization changes should occur, while reductive elimination (III to I) to yield product 
4.109 should result in a sp2 to sp hybridization change that might be anticipated to give a 
normal secondary isotope effect.!
n-pent
OAc
B(pin)
(0.5 equiv)
(R)-4.158 (0.75%)
CsF (3 equiv)
THF, 60 oC, 8 h
n-pent
OAc
Dd-4.108
H
+
n-pent
4.108 4.109+
n-pent
OAc
n-pent
OAc
Dd-4.108
H4.108 H
n-pent
d-4.109 D
Run Conv. (%)
Conv. (%)
 4.108
Conv. (%)
d-4.108
Rateb
 4.108
Rateb
 d-4.108 kH/kD
1 50.1 20.6 29.61.07 1.54 0.69
2 52.9 21.8 31.11.14 1.62 0.70
s
14.4
14.6
a Determined by 1H-NMR with 10 s relaxation time to allow more accurate integration. b Rates given in [M]/min x 10-4
4.108:d-4.108
initial a
4.108:d-4.108
final a
48.2:51.8 57.2:42.9
62.3:37.7 71.1:28.9
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Figure 4.3: Proposed Catalytic Cycle for Allyl-Propargyl Coupling!
!
  !
!
! There are a few aspects of the labeling study that merit additional attention. 
Unlike the related sp2 to sp3 hybridization change typically considered for secondary 
isotope effects, there exists little experimental proof that the sp to sp2 hybridization would 
demonstrate similar effects. Based on trends in bond strength and stretching 
frequencies,  however, these two hybridization changes should share similar 49
characteristics. This assumption has been made in previous reports to account for 
isotope effects seen during sp to sp2 hybridization changes with other deuterium-labeled 
alkynes.  In line with our results, these studies also observed primary secondary 50
isotope effects for the converse sp2 to sp hybridization change of 1.2-2.0, outside the 
0.8-1.2 range typically considered for isotopes involving sp2 to sp2 hybridization 
changes.50b Additionally, while the study does not necessarily preclude the possibility of 
R
OAc
[Pd]Ln
R
PdLn
R
B(pin)
F AcO
Pd
P
P
R
3
3'
H/D H/D
H/D
H/D
sp-sp2
sp2-sp2
sp2-sp
Oxidative 
Addition
Reductive 
Elimination
Transmetallation
*
I
II
III
4.108
4.109
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 Anslyn, E. V.; Dougherty, D. A. Modern Physical Organic Chemistry, University Science Books: 49
Sausalito, CA, 2006; p. 429.
 a) Impaktschi, J.; Mohsseni-Ala, J.; Ihlig, S. Eur. J. Inorg. Chem. 2003, 4313. b) Arndt, M.; 50
Salih, K. S. M.; Fromm, A.; Goossen, L. J.; Menges, F.; Niedner-Schatterburg, G. J. Am. Chem. 
Soc. 2011, 133, 7428.
a reversible oxidative addition occurring before a later rate determining step, such 
equilibrium effects are typically very small for secondary effects. !51
! To better understand the potential origins of stereodifferentiation during oxidative 
addition, DFT calculations were carried out (Figure 4.4). The reaction of (R)-4.158 with 
both the fast [(R)] and slow [(S)] enantiomers of methyl-substituted acetate 4.162 were 
considered to allow comparison to the selectivities observed experimentally. These two 
pathways have been differentiated in Figure 4.4 with the reaction coordinate for the fast-
reacting enantiomer represented in bolded blue and that of the slow reacting enantiomer 
in red. All calculations were run on the full ligand scaffold, with the methyl substituent 
used on acetate 4.162 to simplify conformational analysis. The method and basis set 
used were identical to that described in Chapter 3, however, the two oxygens and 
carbonyl carbon of the acetate group leaving group were augmented with diffuse 
functions to allow better representation of the negative charge.!
! Compared to the free catalyst 4.161 and acetate 4.162, calculations revealed 
that coordination of the alkyne to the palladium center results in a stabilization of 6.7 and 
4.6 kcal/mol for the fast and slow reacting enantiomers respectively. Ground states GS4.C 
and GS4.D both show the alkyne binding parallel to the square plane of the palladium and 
the phosphorous atoms. This square-planar array is in good agreement with previous 
theoretical and experimental data, which suggest that the conformation allows for 
optimal back-donation from filled d-orbitals on the Pd with the C≡C π* orbital.  In both 52
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 a) Simmons, E. M.; Hartwig, J. F. Angew. Chem. Int. Ed. 2012, 51, 3066; b) ref 49, pp. 51
432-444.
 For DFT calculations, see: a) Cui, Q.; Musaev, D. G.; Morokuma, K. Organometallics 1998, 17, 52
1383. b) Ahlquist, M.; Fabrizi, G.; Cacchi, S.; Norrby, P. Chem. Comm. 2005, 4196. For 
spectroscopic studies, see: c) Schager, F.; Bonrath, W.; Pörschke, K.; Kessler, M.; Krüger, C.; 
Seevogel, K. Organometallics 1997, 16, 4276. For crystallographic data, see: d) Huh, H. S.; Lee, 
Y. K.; Lee, S. W. J. Mol. Struct. 2006, 209. e) Caeiro, J.; Peña, D.; Cobas, A.; Pérez, D.; Guitián, 
E. Adv. Synth. Catal. 2006, 348, 2466.
structures, the acetate is pointed directly away from the palladium center, a structural 
feature which was confirmed by conformational analysis. !53
!
Figure 4.4: DFT Analysis of Oxidative Addition Pathways!
  !
GS4.C
GS4.D
AcO
PdH
Me
4.163
Fast 
Reactiong 
Enantiomer
Slow 
Reactiong 
Enantiomer
AcO
PdR
H 4.164
Pd
P
P
6.7
2.1
GS4.C
Pd
P
P
OAcMe
H
16.7
15.4
GS4.E
1.5
-0.20.0
GS4.C
Pd
P
P
OAcMe
H
TS4.C
-6.6
-7.3
Pd
P
P
OAc
MeH
GS4.E
+
Pd
P
P
OAc
H Me
H
GS4.G
ΔG333K
P
P
Me
OAc
4.161 4.162
4.161 
+ 4.162
TS4.C
TS4.D
= (R)-MFB
GS4.F
GS4.H
GS4.D
GS4.G
*
*
*
*
*
‡
TS4.C
TS4.D
Calculated activation free energy barriers ( ∆G) in kcal/mol relative to GS4.C. (B3LYP-PCM(THF)/LANL2DZ(Pd)-6-
31G**(C,H,P) (333.15 K). Blue lines represent the reaction coordinate for the fast reacting (R)-enantiomer of 4.162, red 
lines the slow reacting (S)-enantiomer.
*
Me
 315
 In this study, the C2-C3 bond of  GS4.C  was rotated 360º by varying the Pd-C2-C3-O dihedral 53
angle. The orientation shown in GS4.C was calculated to be the low-energy conformer. See the 
Appendix C for more information.
! Although structurally similar about the Pd-alkyne bond, the diastereomeric 
ground states were calculated to be different in energy by over 2 kcal/mol. Considering 
the three-dimensional structures for each of these ground states shown in Figure 4.4, it 
is easy to identify the origin of this energy difference from interactions between the 
methyl substituent at the propargyl position and the ligand scaffold (simplified in 4.163 
and 4.164). In GS4.C, the methyl substituent of the fast-reacting (R)-enantiomer of 4.162 
is pointed down and away from the pseudoequatorial furyl ring of the ligand. In GS4.D, 
the stereochemistry at the propargyl center of the slow-reacting (S)-enantiomer of 4.162 
places the methyl substituent up and in close proximity to the furyl ring. These 
interactions are also present in the calculated transition states TS4.C and TS4.D, and are 
the likely origin of the difference in calculated activation free energies for the two 
diastereomeric transition states. !
! The ΔΔG‡ of 1.3 kcal/mol favoring reaction with the (R)-enantiomer of 4.162 
through TS4.C is in good agreement with experimental results. Based on trends observed 
experimentally with aliphatic substrates, the methyl substituent might be expected to 
give a selectivity factor of 10-14, which would correspond to ΔΔG‡ values of 1.5-1.7. The 
calculated value is only slightly lower than these values, and provides additional 
evidence that oxidative addition could be the stereodetermining step of the resolution.!
! The specific mechanism through which the oxidative addition was found to occur 
is also of interest. As shown in the three-dimensional structures of both TS4.C and TS4.D, 
the calculated low-energy pathways for oxidative addition appear to be a direct SN2-like 
oxidative addition of palladium with the electrophile. This pathway allows the palladium 
to retain coordination with the alkyne while displacing the acetate at C3 to lead directly to 
the (η3-allenyl)Pd(II) intermediates GS4.E and GS4.F. A Natural Bond Order (NBO) 
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analysis of TS4.C provided further evidence of this pathway, showing bonding character 
between the palladium and a sp2-hybridized C3 carbon. Kurosawa has proposed a very 
similar mechanism for the oxidative addition of Pd into propargyl and allyl electrophiles. 
He proposes that this ‘SN2-coord’ pathway should give similar sterochemical outcomes 
as an SN2 or SN2ʹ oxidative addition, however, allows for  favorable stabilizing alkene or 
alkyne coordination prior to addition. !54
!
E. Extension of the Resolution to Other Nucleophiles!
! The laboratory and computational studies presented in the previous section 
suggested that oxidative addition was the rate- and stereodetermining step of the 
resolution. If this mechanistic understanding was accurate, the reaction should show 
similar selectivity when nucleophiles other than allylboron reagents are applied (Scheme 
4.27, eq 48). In the absence of allylic transposition, this strategy would allow access to 
synthetically useful chiral allene products, and greatly expand the scope and utility of the 
process. !
!
!
!
!
!
!
!
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 a) Kurosawa, H. Pure Appl. Chem. 1998, 70, 1105. see also: b) Kurosawa, H.; Ogoshi, S. Bull. 54
Chem. Soc. Jpn. 1998, 71, 973. c) Ogoshi, S.; Fukunishi, Y.; Tsutsumi, K.; Kurosawa, H. J. Chem. 
Soc. Chem. Comm. 1995, 2485.
Scheme 4.27: Kinetic Resolution with Different Nucleophiles!
!
  !
!
! Initial efforts focused on the application of arylzinc nucleophiles, as their use in 
stereospecific couplings presented in Section 4.II.C had been reported. To begin, 
phenylzinc chloride 4.76 was prepared and subjected to the resolution (Scheme 4.27, eq 
49). The reaction reached 50% conversion after only 2 hours, but both the allene product 
4.165 and the unreacted acetate showed very low enantioenrichment. Suspecting 
uncatalyzed background reaction to be a problem with 4.76, the resolution was run with 
less-reactive para-methoxy phenylzinc pivalate 4.166 (eq 50). After 3 hours, the reaction 
reached 21% conversion, and the acetate starting material was now recovered in the 
moderate enantiopurity (64:36 er) that would be expected given the low conversion.  55
The allene product 4.167, however, was recovered in near-racemic form. These results 
suggested that under our reaction conditions, the allene products were likely undergoing 
n-pent
OAc
+ n-pent
OAc
n-pent
+(R)-4.158 (1%)
THF, rt, 2 h 4.108
56:43 er
4.165
54:46 er
49% conversion
ZnCl H
H
Ph
4.76
(0.5 equiv)
R
OAc
+
R
OAc
R
+(R)-4.158 (1%)
H
H(0.5 equiv)
Nuc Nuc
Conditions
(49)
(48)
4.108
n-pent
OAc
+ n-pent
OAc
n-pent
+(R)-4.158 (1%)
THF, 60 oC, 3 h 4.10864:36 er
4.167
51:49 er
21% conversion
Zn(OPiv)
MeO
H
H
Ar
4.166
(0.5 equiv)
(50)
4.108
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 Low enrichment of the starting material would be expected at low conversion. For example, a 55
reaction with an s value of 15 would be expected to show a starting material ee of 22.5% at 21% 
conversion based on Kagan’s equation (ref 37a).
a palladium-catalyzed racemization as discussed in Section 4.II.C. Unfortunately, despite 
additional modifications to conditions as well as the use of different nucleophilic and 
electrophilic partners, the allene products were always recovered in near-racemic form. !
! Having found the coupling of arylzinc and related reagents unable to deliver 
nonracemic allene products, we began to consider other uses of the resolution. Pd-
catalyzed reductions of propargyl electrophiles have been reported, and use of this 
methodology in the resolution could allow enrichment of the starting materials utilizing an 
inexpensive hydride source.  This strategy would provide a more economical route to 56
optically enriched propargyl acetates, which are of high synthetic utility as well. 
Additionally, the achiral allene or alkyne products formed would be easily separated from 
the desired enriched acetate.!
!
!
!
!
!
!
!
!
!
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 For a review on this reaction, see: a) Tsuji, J.; Mandai, T. Synthesis, 1996, 1. For  selected 56
examples, see: b) Tsuji, J.; Sugigura T.; Yuhara, M.; Minami, I. J. Chem. Soc., Chem. Commun. 
1986, 922. c) Tsuji, J.; Sugiuara, T.; Minami, I. Synthesis, 1987, 2, 603. d) Mandai, T.; Matsumoto, 
T.; Kawada, M.; Tsuji, J. Tetrahedron Lett. 1993, 13, 2161. e) Mandai, T.; Matsumoto, T.; Kawada, 
M.; Tsuji, J. J. Organomet. Chem. 1994, 473, 343. f) Darcel, C.; Bartsch, S.; Bruneau, C.; 
Dixneuf, P. H. Synlett, 1994, 475. g) Radinov, R.; Hutchings, S. D. Tetrahedron Lett. 1999, 40, 
8955. h) Ohmiya, H.; Yang, M.; Yamauchi, Y.; Ohtsuka, Y.; Sawamura, M. Org. Lett. 2010, 12, 
1796.
Table 4.10: Reductions of Propargyl Acetates!
!
  !
!
! A survey of commercially available hydride sources showed tetramethyl- 
ammonium triacetoxyborohydride (Me4NBH(OAc)3) to be a suitable and mild hydride 
source for the resolution by reduction. With little modification to reaction conditions, this 
reagent showed rapid and clean reduction of a number of propargyl acetates (Table 
4.10). The resolution of aromatic and unsaturated substrates was complete within one 
hour or less (entries 1-3), and gave selectivity factors very similar to what was observed 
in the resolution utilizing allylB(pin) as the nucleophile. Of note, when the phenyl-
substituted substrate was treated with 0.7 equivalents of the hydride source and the 
R
OAc
R
OAc
R(R)-4.158 (0.75%)
THF, 60 oC, time BA
+
Me4NBH(OAc)3 (X equiv)
Me
REntry
4
5f
3
er Aa Yield A (%)c sAVG
d
85:15
78:22
a
b 9.4
92:8
79:21
a
b 14.9
run
80:20
77:23
a
b 7.1
t (h)
4.5
6.5
0.75
Me
Me
H
Conv 
(%)b
54
44
55
42
49
46
71
88
90
Me
1
95:5
83:16
a
b 12.20.75
59
49 93
2 80:2076:24
a
b 7.81
49
45 89
O
98:2ce 62
0.6
0.6
0.75
0.75
0.5
0.5
0.65
0.55
0.5
0.5
0.7
a Enantiomer ratios were determined by GC or SFC analysis on chiral stationary phase. b Determined by 1H NMR 
analysis.  c Yield based on theoretical 100% recovery at the conversion listed, average of two or three runs.   d 
s=kfast/kslow=ln[(1-Conv/100)(1-eeA/100)]/ln[(1-Conv/100)(1+eeA/100)]. e Run for 1 h. f Run with 1% catalyst.
X
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reaction run for one hour to reach 62% conversion, the recovered acetate could be 
isolated in an excellent 98:2 er (Entry 1c). Aliphatic substrates also showed similar 
selectivity values to what was observed in the previous reactions (entries 4-5), and 
required slightly longer reaction times. The reactions were all very clean and the 
remaining starting materials were easily separated from the corresponding allene 
product, allowing isolation of the enriched acetates in good to excellent yields.!
!
V. Conclusions!
!
! The observation that allenyB(pin) reacted with allylic electrophiles to selectively 
give 1,5-enyne products when treated with palladium and a bidentate ligand led to the 
realization that allyl-propargyl and allyl-allyl couplings may operate through a similar 
mechanism. Although selectivities for this coupling pattern were low with chiral catalysts, 
the development of a highly sterospecific coupling of optically enriched propargyl 
electrophiles with allylboron reagents proved to be an effective alternate strategy. This 
coupling provided entry into a wide range of synthetically useful optically enriched 1,5-
enynes, for which a general, synthetic route had previously been absent. The method 
was also extended to allow a kinetic resolution by a chiral catalyst to provide 
enantioenriched 1,5-enynes from racemic starting material. Mechanistic investigations 
revealed that oxidative addition was the probable rate- and stereodefining step, and 
inspired the development of a hydrogenolysis to provide easier access to enriched 
propargyl acetates. Together, these developments represent the first highly 
regioselective Pd-catalyzed allyl-propargyl coupling, and have further broadened 
application of the 3,3ʹ-reductive elimination pathway.!
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V. Experimental!
!
A. General Information!
1H NMR spectra were recorded on a Varian Gemini-500 (500 MHz) spectrometer. 
Chemical shifts are reported in ppm with the solvent resonance as the internal standard 
(CDCl3: 7.26 ppm). Data are reported as follows: chemical shift, integration, multiplicity 
(s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, br = broad, m = multiplet, app 
= apparent), and coupling constants (Hz). Coupling constants are reported to the 
nearest 0.5 Hz. 13C NMR spectra were recorded on a Varian Gemini-500 (125 MHz) 
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm with 
the solvent resonance as the internal standard (CDCl3: 77.0 ppm). 31P NMR spectra 
were recorded on a Varian Gemini-500 (202 MHz) spectrometer with complete proton 
decoupling. Chemical shifts are reported in ppm with phosphoric acid as the external 
standard (H3PO4: 0.0 ppm). Infrared (IR) spectra were recorded on a Bruker alpha 
spectrophotometer, ʋmax cm-1. Bands are characterized as broad (br), strong (s), medium 
(m), and weak (w). High resolution mass spectrometry (ESI) was performed at the Mass 
Spectrometry Facility, Boston College. !
Liquid Chromatography was performed using forced flow (flash chromatography) 
on silica gel (SiO2, 230×450 Mesh) purchased from Silicycle. Thin Layer 
Chromatography was performed on 25 μm silica gel plates purchased from Silicycle. 
Visualization was performed using ultraviolet light (254 nm), potassium permanganate 
(KMnO4) in water, ceric ammonium molybdate (CAM) in water, or phosphomolybdic acid 
(PMA) in ethanol. Analytical chiral gas-liquid chromatography (GLC) was performed on a 
Hewlett-Packard 6890 Series chromatograph equipped with a split mode capillary 
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injection system, a flame ionization detector, and a Supelco β-Dex 120 column, or a 
Supelco Asta Chiraldex B-DM with helium as the carrier gas. Analytical chiral 
supercritical fluid chromatography (SFC) was performed on a Thar SFC equipped with a 
Waters 2998 photodiode array detector and an analytical-2-prep column oven with 
isopropanol or a 1:1 mixture of isopropanol:hexanes and  as the modifier. Optical 
rotations were measured on a Rudolph Analytical Research Autopol IV Polarimeter.!
All reactions were conducted in oven- or flame-dried glassware under an inert 
atmosphere of nitrogen or argon. Hi-vacuum distillations performed at a reduced 
pressure of 2-4 mm Hg. Tetrahydrofuran (THF), Toluene (PhMe), and dichloromethane 
(DCM) were purified using a Pure Solv MD-4 solvent purification system from Innovative 
Technology Inc. by passing through two activated alumina columns after being purged 
with argon. Triethylamine (TEA) and Ethyl Acetate (EtOAc) were distilled from calcium 
hydride. Tris(dibenzyl ideneacetone) dipal ladium(0) [Pd2(dba)3], Bis(1,5-
cyclooctadiene)nickel(0) [Ni(cod)2], Tris(dibenzylideneacetone) dipalladium(0) 
[Pd2(dba)3], tricyclohexylphosphine (PCy3), 1,2-bis(diphenylphosphino)benzene (dpp-
Benzene), (R)-(+)-2,2′-bis(di-2-furanylphosphino)-6,6′-dimethoxy-1,1′-biphenyl [(R)-
MeO(furyl)BIPHEP], (S)-(-)-2,2′-bis(di-2-furanylphosphino)-6,6′-dimethoxy-1,1′-biphenyl 
[(S)-MeO(furyl)BIPHEP], (S,S)-(-)-2,3-Bis(t-butylmethylphosphino)quinoxaline [(S,S)-
QuinoxP*], and (R,R)-(-)-2,3-Bis(t-butylmethylphosphino)quinoxaline [(R,R)-QuinoxP*] 
were purchased from Strem Chemicals, Inc. Pinacolborane (pinBH) was generously 
donated by BASF. Allylboronic acid pinacol ester (allyl Bpin) was generously donated by 
Frontier Scientific. Bis(pinacolato) diboron [B2(pin)2] was generously donated by 
Allychem. All other reagents were purchased from either Fisher or Aldrich and used 
without further purification.!
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B. Experimental Procedures: Section III, Stereospecific Enyne Couplings!
!
1. Preparation and Analysis of Substituted Propargyl Acetates!
!
  !
!
Representative Procedure A: An oven-dried round-bottomed flask equipped with a 
magnetic stir bar was charged with dichloromethane (20 mL), 1-octyn-3-ol (500 mg, 3.96 
mmol), and dimethylamino pyridine (catalytic) under nitrogen atmosphere. The solution 
was cooled to 0 °C and triethylamine (1.20 g, 11.9 mmol) was added, followed by 
dropwise addition of acetic anhydride (485 mg, 4.70 mmol). The solution was gradually 
warmed to room temperature and stirred for 2 h. The reaction was concentrated in 
vacuo, and the crude reaction mixture was purified on silica gel (10:1 pentane:diethyl 
ether) to afford a clear, colorless oil (599 mg, 90% yield). Rf = 0.60 (10:1 pentane:diethyl 
ether, stain in PMA).!
!
  !
!
Representative Procedure B: An oven-dried round-bottomed flask equipped with a 
magnetic stir bar was charged with THF (18 mL) and 1-octanone (388 mg, 3.00 mmol). 
The solution was cooled to 0 °C and ethynylmagnesium bromide (9.0 mL of a 0.5 M 
O Me
O
Me
OH
Me
Ac2O, DMAP, TEA
DCM, 0 oC to rt
MeMe
O 1)
MgBr
THF, 0 oC to rt
2) Ac2O, 0 oC to rt
O Me
O
Me
Me
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solution in THF, 4.5 mmol) was added dropwise. The solution was stirred for 10 minutes 
at 0 °C and gradually warmed to room temperature and stirred for 45 minutes. The 
solution was then cooled to 0 °C and acetic anhydride (613 mg, 6.00 mmol) was added 
dropwise. The solution was allowed to stir for 20 minutes at 0 °C and then gradually 
warmed to room temperature followed by stirring for one hour. The reaction was 
quenched with saturated aqueous ammonium chloride and extracted three times with 
diethyl ether. The organic layers were combined, dried over sodium sulfate, 
concentrated in vacuo and purified on silica gel (10:1 pentane:diethyl ether) to afford a 
clear, colorless oil (481 mg, 82% yield). Rf = 0.75 (10:1 pentane:diethyl ether, stain in 
CAM).!
!
(R)-oct-1-yn-3-yl acetate (Compound 4.108). From 
commercially available (R)-oct-1-yn-3-ol, representative 
procedure A was followed to afford a clear, colorless oil (232 
mg, 90% yield). Rf = 0.60 (10:1 pentane:diethyl ether, stain in 
PMA). [α]22D = 77.8 (c = 0.635, CHCl3). Spectral data are in accordance with the 
literature. !57
!
oct-1-yn-3-yl acetate. From commercially available oct-1-
yn-3-ol, representative procedure A was followed to afford a 
clear, colorless oil (599 mg, 90% yield).!
!
!
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 Ghosh, N.; Nayak, S.; Sahoo, A. J. Org. Chem. 2011, 76, 500.57
O Me
O
Me
O Me
O
Me
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the enantioenriched title          
compound as compared to the racemic compound.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 160 °C for 10 min, 20 
psi)- analysis of title compound.!
!
               !
                Racemic Sample                                             Enantioenriched Sample!
  !
!
!
(R)-1-phenylprop-2-yn-1-yl acetate (Compound 4.115). From 
commercially available (R)-1-phenylprop-2-yn-1-ol, representative 
procedure A was followed to afford a clear, colorless oil (740 mg, 96% 
yield). Rf = 0.39 (10:1 pentane:diethyl ether, stain in PMA). [α]22D = 
4.85 (c = 0.915, CHCl3). Spectral data are in accordance with the literature.57 !
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 23-Sep-11, 14:22:54                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/21/2011 6:30:00 PM by Mike Ardolino
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-97.D\DA.M (BETA-DEX.M)
Last changed    : 1/16/2012 2:44:22 PM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-DEX, 60 deg C for 10 min, 5 deg/min to 160 deg C, 
                  20psi, S/R=35:1
                  
 
min23 23.1 23.2 23.3 23.4 23.5 23.6 23.7
pA
0
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 FID1 A,  (MIKE ARDOLINO\MJA-III-97.D)
  A
rea
: 2
01
4.8
7
 2
3.
12
6
  A
rea
: 1
.13
49
1
 2
3.
57
4
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-97.D
Sample Name: MJA-III-97
Instrument 2 1/16/2012 2:44:25 PM Kai Hong Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area   Height    Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  23.126 MM    0.0733 2014.87195  458.27991 99.94371
   2  23.574 MM    0.0561    1.13491 3.37070e-1  0.05629
 
Totals :                  2016.00686  458.61698
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-97.D
Sample Name: MJA-III-97
Instrument 2 1/16/2012 2:44:25 PM Kai Hong Page 2 of 2
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O Me
O
1-phenylprop-2-yn-1-yl acetate. From commercially available 1-
phenylprop-2-yn-1-ol, representative procedure A was followed to 
afford a clear, colorless oil (938 mg, >96% yield).!
!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the enantioenriched title          
compound as compared to the racemic compound.!
!
Chiral GLC (β-dex, Supelco, 100 °C for 10 min, ramp 3 °C/min to 150 °C for 10 min, 20 
psi)- analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
!
  !
!
!
=====================================================================
Acq. Operator   : Angelika Neitzel             
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 22-Jul-11, 14:04:35                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\ANGELIKA NEITZEL\BETA-DEX.M
Last changed    : 7/22/2011 2:01:58 PM by Angelika Neitzel
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\ANGELIKA NEITZEL\AEN-I-053-2.D\DA.M (BETA-DEX.M)
Last changed    : 1/16/2012 2:51:36 PM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-dex, 100 deg for 5 min, 3 deg/min to 150 deg, 20 p
                  si, S/R=35:1
                  
 
min20.4 20.5 20.6 20.7 20.8 20.9 21 21.1 21.2
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\ANGELIKA NEITZEL\AEN-I-053-2.D
Sample Name: AEN-I-053-2
Instrument 2 1/16/2012 2:51:39 PM Kai Hong Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 26-Oct-11, 08:52:00                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/26/2011 8:38:15 AM by chris schuster
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\AEN-I-149.D\DA.M (BETA-DEX.M)
Last changed    : 1/16/2012 2:53:26 PM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-DEX, 100 deg for 5 min, 3 deg/min to 150 deg, 20ps
                  i, S/R=35:1
                  
 
min20.4 20.5 20.6 20.7 20.8 20.9 21 21.1 21.2
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\AEN-I-149.D
Sample Name: AEN-I-149
Instrument 2 1/16/2012 2:53:29 PM Kai Hong Page 1 of 2
 
ignal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  20.602 MM    0.0659   38.99739    9.86351  1.83814
   2  21.074 MF    0.0685 2082.57373  506.66437 98.16186
 
Totals :                  2121.57112  516.52788
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\AEN-I-149.D
Sample Name: AEN-I-149
Instrument 2 1/16/2012 2:53:29 PM Kai Hong Page 2 of 2
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O
(S)-1-cyclohexylprop-2-yn-1-yl acetate (Compound 4.110). From (S)-1-
cyclohexylprop-2-yn-1-ol, prepared via the three step sequence shown below, 
representative procedure A was followed to afford a clear, colorless oil (57 mg, 74% 
yield). Rf = 0.78 (10:1 pentane:diethyl ether, stain in PMA). [α]22D = −47.3 (c = 0.67, 
CHCl3). Spectral data are in accordance with the literature. !58
!
  !
!
1-cyclohexylprop-2-yn-1-yl acetate. From 1-cyclohexylprop-2-yn-1-ol, prepared as 
shown below, representative procedure A was followed to afford a clear, colorless oil 
(171 mg, 87% yield).!
!
  !
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the enantioenriched title          
compound as compared to the racemic compound.!
O Me
O
OH
O
1) (S)-CBS
BH3-DMS
2) K2CO3, MeOH
TMS
OH
TMS
PDCO TMS
n-BuLi
quant. 82%
81%
Rep. Proc A
OHO
TMS
n-BuLi
58%
1)
2) K2CO3,
MeOH
O Me
O
Rep. Proc A
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 Detz, R.; Abiri, Z.; Griel, R.; Hiemstra, H.; Maarseveen, J. Chem. Eur. J. 2011, 21, 5921.58
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 160 °C for 10 min, 20 
psi)- analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
!
  !
!
(S)-3,7-dimethyloct-6-en-1-yn-3-yl acetate (Compound 4.112). From (S)-3,7-
dimethyloct-6-en-1-yn-3-ol, synthesized from commercially available geraniol via the 
previously reported three step procedure shown below,  representative procedure A 59
was followed.!
!
  !
!
=====================================================================
Acq. Operator   : Kai Hong                     
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 23-Jun-11, 16:48:30                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 6/23/2011 5:45:20 PM by Kai Hong
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-II-267RAC.D\DA.M (BETA-DEX.M)
Last changed    : 1/16/2012 2:49:33 PM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-dex, 60/ 10 min, 5 deg/min to 180, 30 min, 20 psi,
                   S/R=35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-II-267RAC.D
Sample Name: MJA-II-267rac1
Instrument 2 1/16/2012 2:49:37 PM Kai Hong Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 20-Oct-11, 08:52:04                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/21/2011 6:30:00 PM by Mike Ardolino
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-134.D\DA.M (BETA-DEX.M)
Last changed    : 1/16/2012 2:47:47 PM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-DEX, 60 deg 10 min, 5 deg/min to 160, 20psi, S/R=3
                  5:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-134.D
Sample Name: MJA-III-134
Instrument 2 1/16/2012 2:47:58 PM Kai Hong Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  28.691 MM    0.0466   20.32110    7.26293  6.93818
   2  28.962 MM    0.0482  272.56686   94.27633 93.06182
 
Totals :                   292.88797  101.53926
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-134.D
Sample Name: MJA-III-134
Instrument 2 1/16/2012 2:47:58 PM Kai Hong Page 2 of 2
Me
Me
Me
O Me
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Me
Me
Me
OH
Me
Me O
ClMe
Me Me
OH
Ti(Oi-Pr)
(+)-DIPT
t-BuOOH
82%
Me
Me O
OH
PPh3
CCl4
93%
n-BuLi
(3 equiv.)
67%
Rep. Proc A
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 Mohapatra, D.; Pramanik, C.; Chorghade, M.; Gurjar, M. Eur. J. Org. Chem. 2007, 30, 5059.59
3,7-dimethyloct-6-en-1-yn-3-yl acetate. From commercially available 6-methylhept-5-
en-2-one, representative procedure B was followed to afford a clear, colorless oil (265 
mg, 50% yield). Rf = 0.56 (10:1 pentane:diethyl ether, stain in PMA).!
!
(S)-3,7-dimethyloct-6-en-1-yn-3-yl acetate (Compound 
4.112). 1H NMR (500 MHz, CDCl3): δ 5.11 (1H, ddqq (app tp), 
J = 7.5 Hz, 7.5 Hz, 1.0 Hz, 1.0 Hz), 2.56 (1H, s), 2.23-2.11 (2H, 
m), 2.03 (3H, s), 1.95 (1H, ddd, J = 13.5 Hz, 11.0 Hz, 6.0 Hz), 
1.81 (1H, ddd, J = 13.5 Hz, 11.5 Hz, 6.0 Hz), 1.68 (6H, s), 1.62 (3H, s);  13C NMR (125 
MHz, CDCl3): δ 169.3, 132.3, 123.2, 83.8, 74.7, 73.2, 41.3, 26.4, 25.6, 22.9, 21.9, 17.6; 
IR (neat): 3288 (w), 2967 (w), 2927 (m), 2861 (w), 1745 (s), 1445 (m), 1368 (m), 1232 
(s), 1168 (m), 1111 (m), 1081 (m), 1015 (m), 832 (w), 662 (m) cm-1;  HRMS-(ESI+) for 
C12H19O2 [M+H]: calculated: 195.1385, found: 195.1393. [α]22D = −21.4 (c = 1.72, CHCl3). 
The crude reaction mixture was purified on silica gel (10:1 pentane:diethyl ether) to 
afford a clear, colorless oil (176 mg, 87% yield). Rf = 0.56 (10:1 pentane:diethyl ether, 
stain in PMA).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound prepared          
from  the enantioenriched alcohol as compared to the racemic acetate.!
!
!
!
!
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Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 160 °C for 10 min, 20 
psi)-- analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
!
  !
!
3-methylnon-1-yn-3-yl acetate. From commercially available 2-octanone representative 
procedure B was followed.!
!
3-methylnon-1-yn-3-yl acetate (Compound 4.SI.1). 1H 
NMR (500 MHz, CDCl3): δ 2.53 (1H, s), 2.02 (3H, s), 1.93 
(1H, ddd, J = 13.5 Hz, 11.5 Hz, 5.0 Hz), 1.79 (1H, ddd, J = 
13.5 Hz, 12.0 Hz, 5.5 Hz), 1.66 (3H, s), 1.53-1.39 (4H, m), 
1.33-1.28 (4H, m), 0.89 (3H, dd (app t), J = 7.0 Hz, 7.0 Hz);  13C NMR (125 MHz, 
CDCl3): δ 169.4, 84.0, 74.9, 73.0, 41.3, 31.7, 29.2, 26.4, 24.0, 22.6, 21.9, 14.0;  IR 
(neat): 3310 (w), 2930 (m), 2858 (m), 1744 (s), 1462 (m), 1367 (m), 1238 (s), 1178 (m), 
1152 (m), 1059 (m), 660 (m), 611 (m), 537 (w) cm-1;  HRMS-(ESI+) for C12H21O2 [M+H]: 
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 14-Nov-11, 15:42:33                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/21/2011 6:30:00 PM by Mike Ardolino
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-173RAC.D\DA.M (BETA-DEX.M)
Last changed    : 1/16/2012 2:55:45 PM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-DEX, 60 deg for 10min, 5deg/min to 160, 20 psi, sr
                   = 35/1
                  
 
min26.8 26.85 26.9 26.95 27 27.05 27.1 27.15 27.2 27.25
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 FID1 A,  (MIKE ARDOLINO\MJA-III-173RAC.D)
  A
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-173RAC.D
Sample Name: MJA-III-173rac
Instrument 2 1/16/2012 2:55:47 PM Kai Hong Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 18-Nov-11, 09:25:44                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 7/21/2011 6:30:00 PM by Mike Ardolino
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-181.D\DA.M (BETA-DEX.M)
Last changed    : 1/16/2012 2:56:54 PM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-DEX, 60 deg for 10min, 6deg/min to 160, 20 psi, sr
                   = 35/1
                  
 
min26.8 26.85 26.9 26.95 27 27.05 27.1 27.15 27.2 27.25
pA
10
20
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70
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 FID1 A,  (MIKE ARDOLINO\MJA-III-181.D)
  A
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: 2
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-181.D
Sample Name: MJA-III-181
Instrument 2 1/16/2012 2:56:57 PM Kai Hong Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  26.935 MM    0.0466  238.79890   85.41997 91.87002
   2  27.090 MM    0.0445   21.13236    7.90767  8.12998
 
Totals :                   259.93126   93.32764
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-181.D
Sample Name: MJA-III-181
Instrument 2 1/16/2012 2:56:57 PM Kai Hong Page 2 of 2
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calculated: 197.1542, found: 197.1537. The crude reaction mixture was purified on silica 
gel (20:1 pentane:diethyl ether) to afford a clear colorless oil (481 mg, 82% yield). Rf = 
0.75 (10:1 pentane:diethyl ether, stain in CAM).!
!
5-phenylpent-1-yn-3-yl acetate. From commercially available 
hydrocinnamaldehyde, representative procedure B was followed 
to afford a clear, colorless oil (763 mg, 88% yield). Rf = 0.80 (5:1 
pentane:diethyl ether, stain in PMA). Spectral data are in 
accordance with the literature.58!
!
oct-7-en-1-yn-3-yl acetate. From hex-5-enal, synthesized as shown below from 
commercially available hex-5-en-1-ol, representative procedure B was followed.!
!
  !
!
oct-7-en-1-yn-3-yl acetate (Compound 4.SI.2). 1H NMR (500 
MHz, CDCl3): δ 5.79 (1H, dddd (app ddt), J = 17.0 Hz, 10.0 Hz, 
6.5 Hz, 6.5 Hz), 5.35 (1H, ddd (app dt), J = 6.5 Hz, 6.5 Hz, 2.5 
Hz), 5.02 (1H, ddd, J = 17.0 Hz, 3.5 Hz, 2.0 Hz), 4.96 (1H, dddd 
(app ddt), J = 10.0 Hz, 2.0 Hz, 1.0 Hz, 1.0 Hz), 2.45 (1H, d, J = 2.5 Hz), 2.12-2.07 (2H, 
m), 2.08 (3H, s), 1.81-1.76 (2H, m), 1.56 (2H, dddd (app p), J = 7.5 Hz, 7.5 Hz, 7.5 Hz, 
7.5 Hz);  13C NMR (125 MHz, CDCl3): δ 169.9, 138.0, 115.1, 81.2, 73.5, 63.6, 33.9, 33.1, 
24.1, 21.0;  IR (neat): 3289 (w), 2928 (w), 2858 (w), 1738 (s), 1454 (m), 1370 (s), 1227 
O Me
O
OH OTPAP/NMO
40%
Rep. Proc B
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(s), 1157 (m), 1128 (m), 1089 (m), 1019 (m), 937 (w), 910 (w), 748 (m) cm-1;  HRMS-
(ESI+) for C10H15O2 [M+H]: calculated: 167.1072, found: 167.1081. The crude reaction 
mixture was purified on silica gel (10:1 pentane:diethyl ether) to afford a clear, colorless 
oil (115 mg, 46% yield). Rf = 0.75 (10:1 pentane:diethyl ether, stain in PMA).!
!
1-(benzyloxy)but-3-yn-2-yl acetate. From commerc ia l ly avai lab le 2-
(benzyloxy)acetaldehyde, representative procedure B was followed.!
!
1-(benzyloxy)but-3-yn-2-yl acetate (Compound 4.SI.3). 1H 
NMR (500 MHz, CDCl3): δ 7.37-7.28 (5H, m), 5.58 (1H, ddd, J 
= 7.0 Hz, 4.5 Hz, 2.5 Hz), 4.63 (1H, d, J = 12.0 Hz), 4.59 (1H, 
d, J = 12.0 Hz), 3.72 (1H, dd, J = 11.0 Hz, 7.0 Hz), 3.69 (1H, 
dd, J = 11.0 Hz, 4.5 Hz), 2.48 (1H, d, J = 2.5 Hz), 2.12 (3H, s);  13C NMR (125 MHz, 
CDCl3): δ 169.8, 137.5, 128.4, 127.8, 127.7, 78.6, 74.5, 73.3, 70.9, 62.6, 20.9;  IR 
(neat): 3283 (w), 2866 (w), 1741 (s), 1496 (w), 1370 (m), 1223 (s), 1123 (m), 1094 (m), 
1043 (m), 1025 (m), 738 (m), 697 (s) cm-1;  HRMS-(ESI+) for C13H15O3 [M+H]: 
calculated: 219.1021, found: 219.1029. The crude reaction mixture was purified on silica 
gel (5:1 pentane:diethyl ether) to afford a clear, colorless oil (341 mg, 78% yield). Rf = 
0.34 (5:1 pentane:diethyl ether, stain in PMA).!
!
!
!
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(E)-5,9-dimethyldeca-4,8-dien-1-yn-3-yl acetate. From (E)-3,7-dimethylocta-2,6-dienal, 
synthesized as shown below from commercially available geraniol,  representative 60
procedure B was followed.!
!
  !
!
(E)-5,9-dimethyldeca-4,8-dien-1-yn-3-yl acetate. 
(Compound 4.SI.4). 1H NMR (500 MHz, CDCl3): δ 5.98 
(1H, dd, J = 9.0 Hz, 2.5 Hz), 5.25 (1H, ddd, J = 9.0 Hz, 
7.0 Hz, 1.0 Hz), 5.02-4.98 (1H, m), 2.42 (1H, d, J = 2.0 
Hz), 2.01 (3H, s), 2.07-1.96 (4H, m), 1.69 (3H, d, J = 1.5 Hz), 1.61 (3H, d, J = 1.0 Hz), 
1.53 (3H, s);  13C NMR (125 MHz, CDCl3): δ 169.7, 142.7, 132.0, 123.5, 120.1, 81.1, 
73.1, 60.8, 39.3, 26.1, 25.6, 21.0, 17.7, 16.8;  IR (neat):  3291 (w), 2967 (w), 2919 (w), 
2857 (w), 1738 (s), 1667 (w), 1442 (w), 1370 (m), 1225 (s), 1009 (m), 931 (m), 907 (m), 
814 (w) cm-1;  HRMS-(ESI+) for C14H21O2 [M+H]: calculated: 221.1542, found: 221.1547. 
The crude reaction mixture was purified on silica gel (20:1 pentane:diethyl ether) to 
afford a clear, colorless oil (821 mg, 93% yield). Rf = 0.83 (10:1 pentane:diethyl ether, 
stain in PMA).!
!
!
!
O
O
Me
Me
MeOMe
Me
MeOHMe
Me
Me
BAIB (1.1 equiv)
TEMPO (10%)
MeCN, pH 7 buffer
95%
Rep. Proc B
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 Leonelli, F.; Piancatelli, G. Org. Syn. 2009, 83, 18.60
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5-((tert-butyldiphenylsilyl)oxy)pent-1-yn-3-yl acetate. From 
3-((tert-butyldiphenylsilyl)oxy)propanal, synthesized as shown 
below utilizing a two-step procedure from commercially 
available propane-1,3-diol,  representative procedure B was followed.!61
!
  !
!
5-((tert-butyldiphenylsilyl)oxy)pent-1-yn-3-yl acetate (Compound 4.SI.5). 1H NMR 
(500 MHz, CDCl3): δ 7.66 (4H, dddd (app tt), J = 8.0 Hz, 8.0 Hz, 1.5 Hz, 1.5 Hz), 
7.45-7.36 (6H, m), 5.61 (1H, ddd (app dt), J = 7.0 Hz, 7.0 Hz, 2.0 Hz), 3.81 (1H, ddd, J = 
11.0 Hz, 5.5 Hz, 5.5 Hz), 3.75 (1H, dddd, J = 11.0 Hz, 6.5 Hz, 6.5 Hz, 1.5 Hz), 2.43 (1H, 
d, J = 2.0 Hz), 2.04 (3H, s), 2.11-1.98 (2H, m), 1.05 (9H, s);  13C NMR (125 MHz, CDCl3): 
δ 169.7, 135.6, 135.6 (apparent 2 C), 133.5, 129.7 (apparent 2 C), 127.7 (apparent 2 C), 
81.2, 73.6, 61.0, 59.4, 37.5, 26.8 (apparent 3 C), 20.9, 19.2;  IR (neat): 3288 (w), 3071 
(w), 2958 (w), 2931 (w), 2883 (w), 2858 (w), 1742 (s), 1472 (w), 1427 (m), 1371 (m), 
1227 (s), 1105 (s), 981 (m), 955 (m), 888 (m), 822 (m), 737 (m), 701 (s), 688 (s), 613 (s), 
503 (s) cm-1;  HRMS-(ESI+) for C23H29O3Si [M+H]: calculated: 381.1886, found: 
381.1888. The crude reaction mixture was purified on silica gel (10:1 pentane:diethyl 
ether) to afford a clear, colorless oil (279 mg, 74% yield). Rf = 0.71 (10:1 pentane:diethyl 
ether, stain in PMA).!
!
!
O Me
O
TBDPSO
O
TBDPSO
OH
TBDPSOOHHO
1) NaH
2) TBDPS-Cl
TPAP/NMO
79%
72%
Rep. Proc B
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 McDougal, P. G.; Rico, J. G.; Oh, Y.-I.; Condon, B. D. J. Org. Chem. 1986, 51, 3388.61
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!
!
1-(4-chlorophenyl)prop-2-yn-1-yl acetate. From commercially 
available 4-chlorobenzaldehyde, representative procedure B was 
followed to afford a clear, pale yellow oil (574 mg, 92% yield). 
Spectral data are in accordance with the literature.57!
!
1-(4-methoxyphenyl)prop-2-yn-1-yl acetate. From 
commercially available 4-methoxybenzaldehyde, representative 
procedure B was followed to afford a clear, pale yellow oil (741 
mg, quant.). Spectral data are in accordance with the literature.58!
!
tert-butyl-3-(1-acetoxyprop-2-yn-1-yl)-1H-indole-1-carboxylate. From tert-butyl 3-
formyl-1H-indole-1-carboxylate, synthesized as shown below from 1H-indole-3-
carbaldehyde, representative procedure B was followed.!
!
  !
!
!
!
!
!
O Me
O
N
Boc
O
N
Boc
O
N
H
Boc2O
BH4NHSO4 (2%)
30% NaOH sln.
DCM, rt, 14 h
>96%
Rep. Proc B
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tert -butyl 3-(1-acetoxyprop-2-yn-1-yl) -1H-indole-1-
carboxylate. (Compound 4.SI.6). 1H NMR (500 MHz, CDCl3): δ 
8.16 (1H, d J = 8.0 Hz), 7.80 (1H, s), 7.72 (1H, ddd (app dt), J = 
8.0 Hz, 1.5 Hz, 1.5 Hz), 7.36 (1H, ddd, J = 8.0 Hz, 7.0 Hz, 1.0 Hz), 
7.27 (1H, ddd, J = 7.5 Hz, 7.0 Hz, 1.0 Hz), 6.72 (1H, d, J = 2.5 
Hz), 2.65 (1H, d, J = 2.5 Hz), 2.12 (3H, s), 1.67 (9H, s);  13C NMR (125 MHz, CDCl3): δ 
169.8, 149.4, 135.8, 127.7, 125.7, 124.9, 123.0, 119.6, 116.4, 115.5, 84.2, 79.5, 74.5, 
58.5, 28.1, 20.9;  IR (neat): 3291 (w), 2979 (w), 1737 (s), 1477 (m), 1453 (w), 1370 (s), 
1309 (w), 1219 (s), 1156 (s), 1089 (m), 1017 (m), 937 (w), 909 (w), 677 (m) cm-1; 
HRMS-(ESI+) for C18H19N1O4 [M]: calculated: 313.1314, found: 313.1308;  The crude 
reaction mixture was purified on silica gel (2:1 pentane:diethyl ether) to afford a pale 
brown viscous oil (649 mg, 86% yield). Rf = 0.43 (5:1 pentane:diethyl ether, stain in 
PMA).!
!
!
!
!
!
!
!
!
!
!
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2. Preparation of Substituted Allylboron Reagents!
!
Preparation of 2-Methallylboronic acid Pinacol Ester !62
!
  !
!
! An oven-dried scintillation vial equipped with a magnetic stir bar was charged with         
Pd2(dba)3 (13.7 mg, 0.0150 mmol), bis(pinacolato)diboron (763 mg, 3.00 mmol), and 
tetrahydrofuran (1.5 mL) in a dry-box under argon atmosphere. The vial was capped and 
stirred for two minutes, then 3-chloro-2-methylpropane (272 mg, 3.00 mmol) was added. 
The vial was capped with a teflon cone-lined cap, sealed with electrical tape, removed 
from the dry-box, and heated to 60 °C and allowed to stir for 12 h. The reaction was then 
concentrated in vacuo and the crude reaction mixture was purified rapidly on oven-dried 
silica gel (50:1 pentane:diethyl ether) to afford a clear, colorless oil (341 mg, 63% yield). 
Rf = 0.63 (50:1 pentane:diethyl ether, stain in KMnO4). Spectral data are in accordance 
with the literature. !63
!
!
!
!
B(pin)Cl + B2(pin)2
Pd2(dba)3 (0.5 mol %)
THF (2.0 M), 60 oC, 12 hMe Me
 338
 Zhang, P.; Roundtree, I. A.; Morken, J. P. Org. Lett. 2012, 14, 1416.62
 Zhang, P.; Brozek, L. A.; Morken, J. P. J. Am. Chem. Soc. 2010, 132, 10686.63
Preparation of 4,4,5,5-tetramethyl-2-(2-methyleneoctyl)-1,3,2-dioxaborolane!
!
  !
!
! An oven-dried scintillation vial equipped with a magnetic stir bar was charged with         
bis(1,5-cyclooctadiene)nickel(0) (34.4 mg, 0.125 mmol), tricyclohexylphosphine (35.1 
mg, 0.125 mmol), and ethyl acetate (2.5 mL) in a dry box under argon atmosphere. The 
vial was capped and stirred for two minutes, then 2-methyleneoctyl acetate (synthesized 
from octyl aldehyde as shown below),  (460 mg, 2.50 mmol) was added, followed by 64
bis(pinacolato)diboron (635 mg, 2.50 mmol). The vial was capped with a teflon cone-
lined cap, sealed with electrical tape, removed from the dry-box, and was heated to 60 
°C and allowed to stir for 14 h. At this time, the reaction was concentrated in vacuo. The 
crude reaction mixture was purified on oven-dried silica gel (pentane, ramped quickly to 
20:1 pentane:diethyl ether) to afford a clear, colorless oil (473 mg mg, 76% yield). Rf = 
0.82 (20:1 pentane:diethyl ether, stain in KMnO4). Spectral data are in accordance with 
the literature.63!
!
  !
!
C5H11
C5H11
+ B2(pin)2
Ni(cod)2 (5 mol %)
PCy3 (5 mol %)
EtOAc, 60 oC, 12 h
OAc
B(pin)
C6H13
O
Pyrrolidine (10%)
p-toluic acid (20%)
DCM, 45 oC, 1hH H
O
+ O
DIBAL-H 
(1.1 equiv)
89% DCM, 0 
oC, 3 h
OH
quant.
OAc94%
Ac2O (1.5 equiv)
TEA (3 equiv)
DMAP (cat.)
DCM, 0-25 oC, 3 h
C5H11
C5H11 C5H11
H
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 Erkkilä, A.; Pihko, P. M. Eur. J. Org. Chem. 2007, 4205-4216.64
Preparation of (Z)-2-(dec-2-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane !65
!
  !
!
! An oven-dried round-bottomed flask equipped with a magnetic stir bar was charged         
with bis(1,5-cyclooctadiene)nickel(0) (17.1 mg, 0.0625 mmol), tricyclohexylphosphine 
(17.5 mg, 0.0625 mmol), and toluene (10 mL) in a dry-box under argon atmosphere. The 
flask was sealed with a septum and stirred for two minutes, then (E)-deca-1,3-diene 
(synthesized from nonenal as shown below), (346 mg, 2.25 mmol) was added, followed 
by pinacolborane (336 mg, 2.63 mmol). The flask was sealed with a rubber septa, 
removed from the dry-box, and allowed to stir at 25 °C for 3 hours under nitrogen. The 
reaction was concentrated in vacuo, and the crude reaction mixture was purified on 
oven-dried silica gel (20:1 pentane:diethyl ether) to afford a clear, colorless oil (604 mg, 
91% yield). Rf = 0.68 (20:1 pentane:diethyl ether, stain in KMnO4). Spectral data are in 
accordance with the literature. !66
!
  !
!
!
!
!
B(pin)C6H13+
(pin)BH
(1.05 equiv)
Ni(cod)2 (2.5 mol %)
PCy3 (2.5 mol %), PhMe, rt
C6H13
O
PH3PCH2Br (1.2 equiv)
KOt-Bu (1.2 equiv)
THF, 0-25 oC, 12 h
C6H13
71%
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 Ely, R. J.; Morken, J. P. J. Am. Chem. Soc. 2010, 132, 2534.65
 Brozek, L. A.; Ardolino, M. J.; Morken, J. P. J. Am. Chem. Soc. 2011, 133, 16778-16781.66
3. Experimental Procedure for Allyl-Propargyl Coupling!
!
  !
!
! An oven-dried scintillation vial equipped with a magnetic stir bar was charged with          
Pd2(dba)3 (5.7 mg, 6.3 μmol), racemic-BINAP (7.8 mg, 13 μmol), and THF (1.0 mL) in a 
dry-box under argon atmosphere. The vial was capped and allowed to stir for five 
minutes, then oct-1-yn-3-yl acetate (84.1 mg, 0.500 mmol) was added, followed by 
cesium fluoride (227 mg, 1.50 mmol), and allylboronic acid pinacol ester (101 mg, 0.600 
mmol). The vial was sealed, removed from the dry-box, and heated to 60 °C while 
allowing to stir for 14 h. After this time, the reaction mixture was diluted with diethyl ether, 
filtered through a plug of silica gel and concentrated in vacuo. The crude reaction 
mixture was purified on silica gel (pentane) to afford a clear, colorless oil (70.3 mg, 96% 
yield).!
!
4. Characterization of 1,5-Enyne Products and Analysis of Stereochemistry!
!
(R)-4-ethynylnon-1-ene (Compound 4.109). The title 
compound was prepared via the representative procedure for 
allyl-propargyl coupling on a 0.2 mmol scale with (R)-oct-1-yn-3-
yl acetate. 1H NMR (500 MHz, CDCl3): δ 5.88 (1H, dddd (app ddt), J = 17.0 Hz, 10.0 Hz, 
7.0 Hz, 7.0 Hz), 5.09 (1H, ddd (app ddt), J = 17.0 Hz, 2.0 Hz, 1.0 Hz, 1.0 Hz), 5.06 (1H, 
n-pent
O Me
O
B(pin)+
Pd2(dba)3 (1.25 mol %)
rac-BINAP (2.5 mol %)
CsF (3 equiv.)
THF, 60 oC, 14 h n-pent1.2 equiv.
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Me
dddd (app ddt), J = 10.0 Hz, 2.0 Hz, 1.5 Hz, 1.5 Hz), 2.40 (1H, ddddd (app dtt), J = 7.0 
Hz, 7.0 Hz, 7.0 Hz, 7.0 Hz, 2.5 Hz), 2.45-2.21 (2H, m), 2.07 (1H, d, J = 2.5 Hz), 
1.56-1.23 (8H, m), 0.89 (3H, dd (app t), J = 7.5 Hz, 7.5 Hz);  13C NMR (125 MHz, 
CDCl3): δ 135.9, 116.5, 87.5, 69.3, 39.2, 34.3, 31.6, 31.4, 26.8, 22.6, 14.0;  IR (neat): 
2956 (s), 2930 (s), 2857 (m), 1969 (w), 1458 (m), 1378 (w), 997 (w), 914 (m), 644 (w), 
631 (m), 613 (w) cm-1;  HRMS-(ESI+) for C19H11 [M+H]: calculated: 151.1487, found: 
151.1489. [α]22D = 14.1 (c = 1.26, CHCl3). The crude reaction mixture was purified on 
silica gel (pentane) to afford a clear, colorless oil (28.0 mg, 93% yield). Rf = 0.71 
(pentane, stain in PMA).!
!
4-ethynylnon-1-ene. The title compound was prepared via the 
representative procedue for allyl-propargyl coupling with oct-1-
yn-3-yl acetate. The crude reaction mixture was purified on silica 
gel (pentane) to afford a clear, colorless oil (72.0 mg, 96% yield). Rf = 0.71 (pentane, 
stain in PMA).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound prepared          
from enantioenriched acetate as compared to product prepared with racemic material. 
The absolute stereochemistry was assigned by analogy to products 4.086 and 4.111.!
!
!
!
!
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Me
Chiral GLC (CD-BDM, Supelco, 40 °C for 30 min, ramp 0.25 °C/min to 100 °C for 10 
min, 20 psi) - analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
!
  !
!
!
!
  !
!
  !
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 01-Nov-11, 08:44:32                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 8/23/2011 7:48:48 PM by Mike Ardolino
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:45:27 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-GTA, 40deg for 30min, then .25 deg/min to 100 10min,
                   20 psi, S/R=35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-129.D
Sample Name: MJA-III-129
Instrument 1 1/21/2012 9:45:34 AM mike ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 01-Nov-11, 16:42:28                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/1/2011 4:35:10 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:47:34 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-GTA, 40deg for 30min, then .25 deg/min to 100 10min,
                   20 psi, S/R=35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-136.D
Sample Name: MJA-III-136
Instrument 1 1/21/2012 9:47:38 AM mike ardolino Page 1 of 2
 
ignal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  49.367 MM    1.0262 1780.09680   28.91143 99.88230
   2  53.604 MM    0.4383    2.09764 7.97637e-2  0.11770
 
Totals :                  1782.19444   28.99120
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-136.D
Sample Name: MJA-III-136
Instrument 1 1/21/2012 9:47:38 AM mike ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 01-Nov-11, 13:54:22                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/1/2011 1:48:12 PM by Mike Ardolino
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:48:44 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-GTA, 40deg for 30min, then .25 deg/min to 100 10min,
                   20 psi, S/R=35:1
                  
 
min49 50 51 52 53 54
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-137SPIKE.D
Sample Name: MJA-III-137spike
Instrument 1 1/21/2012 9:49:37 AM mike ardolino Page 1 of 2
C -Injection of Racemic and !
Enantioenriched Samples
 343
(S)-hex-5-en-1-yn-3-ylbenzene (Compound 4.106). The title 
compound was prepared via the representative procedure for allyl-
propargyl coupling on a 0.20 mmol scale with (R)-1-phenylprop-2-yn-1-
yl acetate utilizing (2.5 mol %) [(R)-MeO(furyl)BIPHEP] as the ligand. 
Spectral data are in accordance with the literature.  [α]22D = 29.1 (c = 1.05, CHCl3). The 67
crude reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil 
(28.1 mg, 90% yield). Rf = 0.43 (pentane, stain in PMA).!
!
hex-5-en-1-yn-3-ylbenzene. The title compound was prepared via the 
representative procedure for allyl-propargyl coupling with 1-
phenylprop-2-yn-1-yl acetate. The crude reaction mixture was purified 
on silica gel (pentane) to afford a clear, colorless oil (71.0 mg, 91% 
yield). Rf = 0.43 (pentane, stain in PMA).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound prepared          
from enantioenriched acetate as compared to product prepared with racemic material. 
The absolute stereochemistry was assigned as shown below.!
!
!
!
!
!
 344
 Zhan, Z.; Yo, J.; Liu, H.; Cui, Y.; Yang, R.; Yang, W.; Li, Y. J. Org. Chem. 2006, 71, 8298.67
Chiral GLC (CD-BDM, Supelco, 40 °C for 20 min, ramp 2.5 °C/min to 100 °C for 10 min, 
20 psi) - analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
Proof of Structure and Stereochemistry:!
! The title compound was subjected to selective hydrogenation of the alkyne utilizing          
Lindlar’s catalyst to afford the previously reported 1,5-diene as depicted below. Spectral 
data are in accordance with the literature.63 To determine the absolute stereochemistry, 
the optical rotation of the 1,5-diene derived from the propargyl-allyl coupling product 
=====================================================================
Acq. Operator   : Mike Ardolino               
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 09-Nov-11, 14:05:05                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/9/2011 1:37:15 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:51:33 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-BDM, 40 for 20 min, 2.5 deg/min to 100, 30 min post 
                  run 100 deg for 20 min, 20 psi, S/R=35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-150RAC2.D
Sample Name: MJA-III-150rac2
Instrument 1 1/21/2012 9:51:36 AM mike ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 09-Nov-11, 12:03:12                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/9/2011 11:48:43 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:52:30 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-BDM, 40 for 20 min, 2.5 deg/min to 100, 30 min post 
                  run 100 deg for 20 min, 20 psi, S/R=35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-171.D
Sample Name: MJA-III-171
Instrument 1 1/21/2012 9:52:41 AM mike ardolino Page 1 of 2
 
Signal 1: FID1 A,
 
Peak RetTime Type  Width     Area   Height    Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  45.178 MM    0.0764   38.62150    8.42845  2.28141
   2  45.736 MM    0.2105 1654.25708  131.00157 97.71859
 
Totals :                  1692.87858  139.43003
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-171.D
Sample Name: MJA-III-171
Instrument 1 1/21/2012 9:52:41 AM mike ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 09-Nov-11, 16:02:54                  Inj :   1
                                          Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/9/2011 3:30:57 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:53:17 AM by mike ardolino
                  (modified after loading)
Sample Info   : CD-BDM, 40 for 20 min, 2.5 deg/min to 100, 30 min post 
                  run 100 deg for 20 min, 20 psi, S/R=35:1
                  
 
min44.8 45 45.2 45.4 45.6 45.8 46 46.2 46.4
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-171SPIKE.D
Sample Name: MJA-III-171spike
Instrument 1 1/21/2012 9:53:19 AM mike ardolino Page 1 of 2
 345
([α]22D = 21.558 (c = 1.295, CHCl3) was compared to the rotation of authentic (S)-
hexa-1,5-dien-3-ylbenzene ([α]20D = 12.237 (c = 0.44, CHCl3)) as previously reported in 
the literature.63!
!
  !
!
(R)-hex-5-en-1-yn-3-ylcyclohexane (Compound 4.111). The title 
compound was prepared via the representative procedure for allyl-
propargyl coupling with (S)-1-cyclohexylprop-2-yn-1-yl acetate on a 
0.10 mmol scale. 1H NMR (500 MHz, CDCl3): δ 5.89 (1H, dddd (app 
ddt), J = 17.0 Hz, 10.0 Hz, 7.0 Hz, 7.0 Hz), 5.09 (1H, dddd (app ddt), J = 17.0 Hz, 2.0 
Hz, 1.5 Hz, 1.5 Hz), 5.05 (dddd (app dt), J = 10.0 Hz, 2.0 Hz, 1.0 Hz, 1.0 Hz), 2.31-2.23 
(3H, m), 2.07 (1H, d, J = 2.5 Hz), 1.85-1.82 (1H, m), 1.78-1.64 (4H, m), 1.40-1.35 (1h, 
m), 1.28-1.10 (5H, m);  13C NMR (125 MHz, CDCl3): δ 136.4, 116.2, 86.2, 70.3, 40.4, 
37.8, 36.5, 31.3, 28.9, 26.4, 26.4, 26.2;  IR (neat): 3310 (w), 2925 (s), 2853 (m), 1449 
(m), 996 (m), 912 (m), 631 (m) cm-1;  HRMS-(ESI+) for C12H19 [M+H]: calculated: 
163.1487, found: 163.1491. [α]22D = 2.55 (c = 0.65, CHCl3). The crude reaction mixture 
was purified on silica gel (pentane) to afford a clear, colorless oil (14.1 mg, 87% yield). Rf 
= 0.80 (pentane, stain in PMA).!
!
hex-5-en-1-yn-3-ylcyclohexane. The title compound was prepared via 
the representative procedure for allyl-propargyl coupling with 1-
cyclohexylprop-2-yn-1-yl acetate on a 0.2 mmol scale. The crude 
Lindlar's Cat.
H2 (1 atm), quinoline
DCM, rt, 14 h
 346
reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil (33.1 
mg, 99% yield). Rf = 0.80 (pentane, stain in PMA).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound prepared          
from enantioenriched acetate as compared to product prepared with racemic material. 
The absolute stereochemistry was assigned as shown below.!
!
Chiral GLC (CD-BDM, Supelco, 40 °C for 20 min, ramp 1.0 °C/min to 100 °C for 10 min, 
20 psi) - analysis of title compound.!
              !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 02-Nov-11, 14:32:00                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/2/2011 1:41:47 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:57:13 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-GTA, 40deg for 20min, then 1 deg/min to 100 10min, 2
                  0 psi, S/R=35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-112RAC.D
Sample Name: MJA-III-112rac
Instrument 1 1/21/2012 9:57:16 AM mike ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 02-Nov-11, 11:31:44                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/2/2011 11:30:32 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:58:05 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-GTA, 40deg for 20min, then 1 deg/min to 100 10min, 2
                  0 psi, S/R=35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-138(2).D
Sample Name: MJA-III-138(2)
Instrument 1 1/21/2012 9:58:07 AM mike ardolino Page 1 of 2
 
Signal 1: FID1 A,
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  65.805 MM    0.1444   17.58285    2.02874  7.93207
   2  66.226 MM    0.2095  204.08516   16.23424 92.06793
 
Totals :                   221.66801   18.26298
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-138(2).D
Sample Name: MJA-III-138(2)
Instrument 1 1/21/2012 9:58:07 AM mike ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 02-Nov-11, 16:25: 0               Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/2/2011 4:13:13 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:58:33 AM by mike ardolino
             (modified after loading)
Sample Info     : CD-GTA, 40deg for 20min, then 1 deg/min to 100 10min, 2
                  0 psi, S/R=35:1
                  
 
min65.4 65.6 65.8 66 66.2 66.4 66.6 66.8
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-138SPIKE.D
Sample Name: MJA-III-138spike
Instrument 1 1/21/2012 9:58:37 AM mike ardolino Page 1 of 2
 347
Proof of Structure and Stereochemistry:!
! The title compound was subjected to selective hydrogenation of the alkyne utilizing          
Lindlar’s catalyst to afford the previously reported 1,5-diene as depicted below. Spectral 
data are in accordance with the literature.63 To determine the absolute stereochemistry, 
the resulting diene was compared by GLC analysis to authentic (S)-hexa-1,5-dien-3-
ylcyclohexane, prepared by allyl-allyl cross coupling as depicted below.!
!
Hydrogenation of Title Compound!
!
  !
!
Enantioselective Allyl-Allyl Cross-Coupling 7!
!
  !
  !
!
!
!
!
!
Lindlar's Cat.
H2 (1 atm), quinoline
DCM, rt, 14 h
B(pin)
+
Pd2(dba)3 (5 mol %)
(R,R) QuinoxP* (10 mol %)
EtOAC, 80 oC, 12 h
1.2 equiv.
OBoc
B(pin)
+
Pd2(dba)3 (5 mol %)
dpp-Benzene (10 mol %)
THF, 60 oC, 12 h
1.2 equiv.
OBoc
 348
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 160 °C for 10 min, 20 
psi)-!
!
               !
Diene from Lindlar reduction                                  Enantioenriched (S)-hexa-1,5-dien-3-
ylcyclohexane from allyl-allyl coupling!!
!
  !
Racemic hexa-1,5-dien-3-ylcyclohexane !
from allyl-allyl coupling!!
!
(S)-4-ethynyl-4,8-dimethylnona-1,7-diene (Compound 4.113). 
The title compound was prepared via the representative 
procedure for allyl-propargyl coupling with (S)-3,7-dimethyloct-6-
en-1-yn-3-yl acetate on a 0.20 mmol scale. 1H NMR (500 MHz, CDCl3): δ 5.92 (1H, dddd 
(app ddt), J = 17.5 Hz, 10.0 Hz, 7.0 Hz, 7.0 Hz), 5.14-5.06 (3H, m), 2.28 (1H, ddd (app 
dt), J = 7.0 Hz, 1.0 Hz, 1.0 Hz), 2.25 (1H, ddd (app dt), J = 7.0 Hz, 1.0 Hz, 1.0 Hz), 2.14 
(1H, s), 2.17-2.11 (2H, m), 1.69 (3H, d, J = 1.5 Hz), 1.62 (3H, d, J = 1.0 Hz), 1.47 (1H, 
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 22-Nov-11, 10:04:27                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 11/22/2011 9:58:36 AM by Ryan Coombs
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-185.D\DA.M (BETA-DEX.M)
Last changed    : 1/21/2012 11:34:28 AM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-DEX, 80 deg for 60 min, 25 psi, sr = 35/1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-185.D
Sample Name: MJA-III-185
Instrument 2 1/21/2012 11:35:08 AM Kai Hong Page 1 of 2
=====================================================================
Acq. Operator   : ping zhang                   
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 10-Dec-09, 11:54:49                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\PING ZHANG\BETA-DEX.M
Last changed    : 12/5/2009 3:36:25 PM by ping zhang
Analysis Method : C:\CHEM32\2\DATA\PING ZHANG\PZ-4-119-P.D\DA.M (BETA-DEX.M)
Last changed    : 11/22/2011 11:45:04 AM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-dex, 80 deg, 25 psi, S/R=35
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      3.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Data File C:\CHEM32\2\DATA\PING ZHANG\PZ-4-119-P.D
Sample Name: PZ-4-119-P
Instrument 2 11/22/2011 11:45:06 AM Kai Hong Page 1 of 2
=====================================================================
Acq. Operator   : ping zhang                   
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 03-Dec-09, 11:13:05                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\PING ZHANG\BETA-DEX.M
Last changed    : 12/3/2009 11:06:49 AM by ping zhang
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\PING ZHANG\PZ-4-111-P-3.D\DA.M (BETA-DEX.M)
Last changed    : 11/22/2011 11:44:05 AM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-dex, 80deg, 120min, 25 psi, S/R=35
                  
 
min27 27.5 28 28.5 29 29.5 30 30.5
pA
5
10
15
20
25
30
35
 FID1 A,  (PING ZHANG\PZ-4-111-P-3.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\PING ZHANG\PZ-4-111-P-3.D
Sample Name: PZ-4-111-P-3
Instrument 2 11/22/2011 11:44:08 AM Kai Hong Page 1 of 2
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Me
Me Me
ddd, J = 13.5 Hz, 11.0 Hz, 6.0 Hz), 1.35 (1H, ddd, J = 13.5 Hz, 11.5 Hz, 6.0 Hz), 1.17 
(3H, s);  13C NMR (125 MHz, CDCl3): δ 134.6, 131.6, 124.2, 117.6, 90.3, 69.2, 45.8, 
41.1, 34.6, 26.1, 25.7, 23.6, 17.6;  IR (neat): 3309 (m), 3077 (w), 2968 (s), 2925 (s), 
2856 (m), 1640 (w), 1451 (m), 1376 (m), 1234 (m), 1149 (w), 996 (m), 915 (s), 832 (w), 
629 (s) cm-1;  HRMS-(ESI+) for C13H21 [M+H]: calculated: 177.1643, found: 177.1651. 
[α]22D = 1.33 (c = 1.65, CHCl3). The crude reaction mixture was purified on silica gel 
(pentane) to afford a clear, colorless oil (33.8 mg, 96% yield). Rf = 0.67 (pentane, stain in 
PMA).!
!
4-ethynyl-4,8-dimethylnona-1,7-diene. The title compound was 
prepared via the representative procedure for allyl-propargyl 
coupling with 3,7-dimethyloct-6-en-1-yn-3-yl acetate. The crude 
reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil (82.8 
mg, 94% yield). Rf = 0.67 (pentane, stain in PMA).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound prepared          
from enantioenriched acetate as compared to product prepared with racemic material. 
The absolute stereochemistry was assigned by analogy to products 4.086 and 4.111.!
!
!
!
!
!
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Me
Me
Me
!
Chiral GLC (CD-BDM, Supelco, 40 °C for 30 min, ramp 0.25 °C/min to 100 °C for 10 
min, 20 psi) - analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
!
  !
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 16-Nov-11, 08:34:46                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 8/23/2011 7:48:48 PM by Mike Ardolino
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:59:51 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-BDM, 40 for 30 min, .25deg/min to 100 post run 100 f
                  or 20 min,  20 psi, S/R=35:1
                  
 
min102 102.5 103 103.5 104 104.5 105 105.5 106 106.5
pA
3
4
5
6
7
8
9
10
 FID1 A,  (MIKE ARDOLINO\MJA-III-174RAC.D)
  A
rea
: 2
69
.00
8
 1
03
.4
38
  A
rea
: 2
69
.56
 1
05
.0
58
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-174RAC.D
Sample Name: MJA-III-174rac
Instrument 1 1/21/2012 9:59:54 AM mike ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 21-Nov-11, 08:44:44                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 8/23/2011 7:48:48 PM by Mike Ardolino
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 10:00:48 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-BDM, 40 for 30 min, .25 deg/min to 100,  20 psi, S/R
                  =35:1
                  
 
min102 102.5 103 103.5 104 104.5 105 105.5 106 106.5
pA
3
4
5
6
7
8
 FID1 A,  (MIKE ARDOLINO\MJA-III-182.D)
  A
rea
: 1
83
.43
8
 1
03
.5
68
  A
rea
: 1
6.1
72
2
 1
05
.4
06
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-182.D
Sample Name: MJA-III-182
Instrument 1 1/21/2012 10:00:55 AM mike ardolino Page 1 of 2
 
ignal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 103.568 MM    0.5388  183.43817    5.67467 91.89812
   2 105.406 MM    0.5029   16.17219 5.35936e-1  8.10188
 
Totals :                   199.61036    6.21060
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-182.D
Sample Name: MJA-III-182
Instrument 1 1/21/2012 10:00:55 AM mike ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                   Location : Vial 1
Injection Date  : 21-Nov-11, 14:40:15                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/21/2011 1:51:24 PM by Mike Ardolino
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 10:01:18 AM by mike ardolino
              (modified after loading)
Sample Info     : CD-BDM, 40 for 30 min, .25 deg/min to 100,  20 psi, S/R
                  =35:1
                  
 
min102 102.5 103 103.5 104 104.5 105 105.5 106 106.5
pA
4
6
8
10
12
 FID1 A,  (MIKE ARDOLINO\MJA-III-182SPIKE.D)
  A
rea
: 3
50
.53
 1
03
.2
27
  A
rea
: 2
15
.14
 1
05
.0
38
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-182SPIKE.D
Sample Name: MJA-III-182spike
Instrument 1 1/21/2012 10:01:21 AM mike ardolino Page 1 of 2
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!
(R)-4-ethynyl-2-methylnon-1-ene (Compound 4.114). The title 
compound was prepared via the representative procedure for 
allyl-propargyl coupling with (R)-oct-1-yn-3-yl acetate, utilizing 
methallylBpin (84.1 mg, 0.600 mmol) as the nucleophile. 1H 
NMR (500 MHz, CDCl3): δ 4.82 (1H, dd, J = 2.0 Hz, 0.5 Hz), 4.70 (1H, dd, J = 2.0 Hz, 
1.0 Hz), 2.54-2.48 (1H, m), 2.22 (1H, ddd, J = 14 Hz, 8.5 Hz, 0.5 Hz), 2.16 (1H, ddd, J = 
14 Hz, 6.5 Hz, 0.5 Hz), 2.05 (1H, d, J = 2.5 Hz), 1.74 (3H, dd, J = 1.0 Hz, 1.0 Hz), 
1.56-1.24 (8H, m), 0.90 (3H, dd (app t), J = 7.0 Hz, 7.0 Hz);  13C NMR (125 MHz, 
CDCl3): δ 143.1, 112.3, 87.8, 69.2, 43.5, 34.5, 31.7, 29.8, 26.8, 22.6, 22.3, 14.0;  IR 
(neat): 3311 (w), 2957 (m), 2930 (s), 2873 (m), 2856 (m), 1455 (m), 1377 (w), 1264 (w), 
1068 (w), 891 (m), 722 (m), 699 (m), 631 (m), 531 (w) cm-1;  HRMS-(ESI+) for C12H21 [M
+H]: calculated: 165.1643, found: 165.1648. [α]22D = 31.4 (c = 1.30, CHCl3). The crude 
reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil (72.4 
mg, 85% yield). Rf = 0.61 (pentane, stain in PMA).!
!
4-ethynyl-2-methylnon-1-ene. The title compound was 
prepared via the representative procedure for allyl-propargyl 
coupling with oct-1-yn-3-yl acetate on a 0.20 mmol scale. The 
crude reaction mixture was purified on silica gel (pentane) to 
afford a clear, colorless oil (29.9 mg, 91% yield). Rf = 0.61 (pentane, stain in PMA).!
!
!
!
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Me
Me
Me
Me
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound prepared          
from enantioenriched acetate as compared to product prepared with racemic material. 
The absolute stereochemistry was assigned by analogy to products 4.086 and 4.111.!
!
Chiral GLC (CD-BDM, Supelco, 40 °C for 30 min, ramp 0.25 °C/min to 100 °C for 10 
min, 20 psi) - analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 09-Jan-12, 09:48:50                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 8/23/2011 7:48:48 PM by Mike Ardolino
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:40:58 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-BDM, std cont deg, 20 psi, S/R=35:1
                  
 
min80 81 82 83 84 85 86
pA
2
4
6
8
10
12
14
16
18
 FID1 A,  (MIKE ARDOLINO\MJA-III-204RAC.D)
  A
rea
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  A
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2
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32
8
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-204RAC.D
Sample Name: BK-V-187-rac-1
Instrument 1 1/21/2012 9:41:00 AM mike ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 10-Jan-12, 15:30:36                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 1/10/2012 5:06:59 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:42:06 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-BDM, 60 deg/ 30 min, .25 deg/min to 100, 20 psi, S/R
                  =35:1
                  
 
min80 81 82 83 84 85 86
pA
2.5
5
7.5
10
12.5
15
17.5
20
22.5
 FID1 A,  (MIKE ARDOLINO\MJA-III-219.D)
  A
rea
: 1
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8
 8
0.
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0
  A
rea
: 1
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44
5
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57
7
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-219.D
Sample Name: MJA-III-219
Instrument 1 1/21/2012 9:42:07 AM mike ardolino Page 1 of 2
 
Signal 1: FID1 A,
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  80.510 MM    1.0009 1207.67542   20.10914 99.86484
   2  85.577 MM    0.2862    1.63445 9.51727e-2  0.13516
 
Totals :                  1209.30986   20.20431
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-219.D
Sample Name: MJA-III-219
Instrument 1 1/21/2012 9:42:07 AM mike ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 10-Jan-12, 17:40:24                  Inj :   1
                                                Inj Volume : Manually
Acq. Method    : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 1/10/2012 5:13:34 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 1/21/2012 9:42:43 AM by mike ardolino
                  (modified after loading)
Sample Info     : CD-BDM, 60 deg/ 30 min, .25 deg/min to 100, 20 psi, S/R
                  =35:1
                  
 
min80 81 82 83 84 85 86
pA
2.5
5
7.5
10
12.5
15
17.5
20
 FID1 A,  (MIKE ARDOLINO\MJA-III-219SPIKE.D)
  A
rea
: 1
10
0.1
 8
0.
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0
  A
rea
: 3
60
.02
6
 8
4.
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4
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-219SPIKE.D
Sample Name: MJA-III-219spike
Instrument 1 1/21/2012 9:42:45 AM mike ardolino Page 1 of 2
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(3-ethynylhex-5-en-1-yl)benzene (Compound 4.119). The title 
compound was prepared via the representative procedure for allyl-
propargyl coupling on a 0.20 mmol scale. 1H NMR (500 MHz, 
CDCl3): δ 7.29 (2H, dddd (app tt), J = 8.0 Hz, 8.0 Hz, 2.0 Hz, 2.0 
Hz), 7.20 (3H, dddd (app ddt), J = 10.0 Hz, 6.5 Hz, 1.5 Hz, 1.5 Hz), 5.87 (1H, dddd (app 
ddt), J = 17.0 Hz, 10.0 Hz, 7.0 Hz, 7.0 Hz), 5.11 (1H, dddd (app ddt), J = 17.0 Hz, 2.0 
Hz, 1.5 Hz, 1.5 Hz), 5.07 (1H, dddd (app ddt), J = 10.0 Hz, 2.0 Hz, 1.0 Hz, 1.0 Hz), 2.87 
(1H, ddd, J = 14.0 Hz, 8.5 Hz, 6.0 Hz), 2.71 (1H, ddd, J = 14.0 Hz, 9.0 Hz, 7.5 Hz), 2.43 
(1H, ddddd (app dtt), J = 7.0 Hz, 7.0 Hz, 7.0 Hz, 7.0 Hz, 2.5 Hz), 2.28-2.25 (2H, m), 2.16 
(1H, d, J = 2.5 Hz), 1.80-1.74 (2H, m);  13C NMR (125 MHz, CDCl3): δ 141.8, 135.6, 
128.5, 128.4, 125.9, 116.8, 86.9, 70.1, 39.1, 36.1, 33.4, 30.8;  IR (neat):  3302 (m), 3078 
(m), 3063 (w), 2925 (m), 2860 (w), 1642 (w), 1603 (w), 1496 (m), 1454 (m), 1030 (w), 
944 (m), 745 (m), 699 (s), 634 (s) cm-1;  HRMS-(ESI+) for C14H17 [M+H]: calculated: 
185.1330, found: 185.1331. The crude reaction mixture was purified on silica gel 
(pentane) to afford a clear, colorless oil (35.3 mg, 96% yield). Rf = 0.44 (pentane, stain in 
PMA).!
!
4-ethynylnona-1,8-diene (Compound 4.120). The title compound 
was prepared via the representative procedure for allyl-propargyl 
coupling on a 0.20 mmol scale. 1H NMR (500 MHz, CDCl3): δ 5.88 
(1H, dddd (app ddt), J = 17.0 Hz, 10.0 Hz, 7.0 Hz, 7.0 Hz), 5.81 (1H, dddd (app ddt), J = 
17.0 Hz, 10.5 Hz, 6.5 Hz, 6.5 Hz), 5.09 (1H, ddd, J = 17.0 Hz, 3.5 Hz, 1.5 Hz), 5.06 (1H, 
dddd (app ddt), J = 10.0 Hz, 2.0 Hz, 1.0 Hz, 1.0 Hz), 5.02 (1H, ddd, J = 17.0 Hz, 3.5 Hz, 
1.5 Hz), 4.96 (1H, dddd (app ddt), J = 10.5 Hz, 2.0 Hz, 1.0 Hz, 1.0 Hz), 2.44-2.38 (1H, 
 354
m), 2.23 (2H, dddd (app tt), J = 6.5 Hz, 6.5 Hz, 1.5 Hz, 1.5 Hz), 2.07 (1H, d, J = =2.5 
Hz), 2.10-2.04 (2H, m), 1.67-1.58 (1H, m), 1.54-1.41 (3H, m);  13C NMR (125 MHz, 
CDCl3): δ 138.6, 135.8, 116.6, 114.6, 87.2, 69.5, 39.1, 33.7, 33.5, 31.3, 26.4;  IR (neat): 
3307 (m), 3078 (w), 2979 (w), 2934 (m), 2860 (w), 1642 (m), 1459 (w), 1441 (m), 1416 
(w), 1278 (w), 993 (m), 912 (s), 631 (s) cm-1;  HRMS-(ESI+) for C11H17 [M+H]: calculated: 
149.1330, found: 149.1335. The crude reaction mixture was purified on silica gel 
(pentane) to afford a clear, colorless oil (26.3 mg, 89% yield). Rf = 0.69 (pentane, stain in 
PMA).!
!
(((2-ethynylpent-4-en-1-yl)oxy)methyl)benzene (Compound 
4.121). The title compound was prepared via the representative 
procedure for allyl-propargyl coupling on a 0.20 mmol scale. 1H 
NMR (500 MHz, CDCl3): δ 7.35 (4H, d, J = 4.5 Hz), 7.32-7.27 (1H, m), 5.80 (1H, dddd 
(app ddt), J = 17.5 Hz, 10.5 Hz, 7.5 Hz, 7.5 Hz), 5.12 (1H, dddd, J = 17.0 Hz, 3.5 Hz, 1.5 
Hz, 1.5 Hz), 5.09 (1H, dddd (app ddt), J = 10.0 Hz, 3.5 Hz, 1.5 Hz, 1.5 Hz), 4.56 (2H, d, 
J = 1.5 Hz), 3.56 (1H, dd, J = 9.0 Hz, 6.0 Hz), 3.47 (1H, dd, J = 9.0 Hz, 7.5 Hz), 2.75 
(1H, ddddd (app ddq), J = 8.0 Hz, 7.5 Hz, 7.0 Hz, 6.0 Hz, 2.5 Hz), 2.41 (1H, ddddd (app 
dddt), J = 12.5 Hz, 7.0 Hz, 5.5 Hz, 1.5 Hz, 1.5 Hz), 2.26 (1H, ddddd (app dddt), J = 12.5 
Hz, 8.0 Hz, 7.0 Hz, 1.5 Hz, 1.5 Hz), 2.11 (1H, d, J = 2.5 Hz);  13C NMR (125 MHz, 
CDCl3): δ 138.1, 135.1, 128.4 (apparent 2 C), 127.6 (apparent 3 C), 127.6, 73.1, 71.8, 
70.3, 35.6, 32.1;  IR (neat): 3300 (m), 3066 (w), 3031 (w), 2909 (m), 2860 (m), 1642 (w), 
1496 (m), 1442 (m), 1205 (w), 1102 (s), 1028 (w), 996 (m), 916 (s), 736 (s), 697 (s), 639 
(s) cm-1;  HRMS-(ESI+) for C14H17O [M+H]: calculated: 201.1279, found: 201.1284. The 
crude reaction mixture was purified on silica gel (50:1 pentane:diethyl ether) to afford a 
 355
O
clear, colorless oil (36.4 mg, 91% yield). Rf = 0.45 (50:1 pentane:diethyl ether, stain in 
PMA).!
!
tert-butyl((3-ethynylhex-5-en-1-yl)oxy)diphenylsilane 
(Compound 4.122). The title compound was prepared via the 
representative procedure for allyl-propargyl coupling on a 0.20 
mmol scale. 1H NMR (500 MHz, CDCl3): δ 7.69 (4H, dddd (app ddt), J = 8.0 Hz, 6.0 Hz, 
1.5 Hz, 1.5 Hz), 7.45-7.37 (6H, m), 5.89 (1H, dddd (app ddt), J = 17.0 Hz, 10.0 Hz, 6.5 
Hz, 6.5 Hz), 5.10 (1H, ddd, J = 17.0 Hz, 3.0 Hz, 1.5 Hz), 5.07-5.09 (1H, m), 3.86 (1H, 
ddd, J = 10.5 Hz, 8.5 Hz, 5.5Hz), 3.79 (1H, ddd, J = 11.0 Hz, 6.0 Hz, 5.0 Hz), 2.75 (1H, 
ddddd, J = 9.5 Hz, 8.0 Hz, 5.5 Hz, 5.0 Hz, 2.5 Hz), 2.31-2.20 (2H, m), 2.04 (1H, d, J = 
2.5 Hz), 1.78 (1H, dddd, J = 13.5 Hz, 8.0 Hz, 6.0 Hz, 5.0 Hz), 1.66 (1H, dddd (app ddt), J 
= 13.5 Hz, 9.5 Hz, 5.0 Hz, 5.0 Hz), 1.06 (9H, s);  13C NMR (125 MHz, CDCl3): δ 135.6, 
135.6, 135.6, 133.9, 133.8, 129.6, 129.5, 127.6, 127.6, 116.7, 86.8, 69.6, 61.4, 38.9, 
37.1, 27.7, 26.9, 19.2;  IR (neat): 3306 (w), 3071 (w), 2931 (m), 2858 (m), 1472 (w), 
1428 (m), 1361 (w), 1108 (s), 1029 (w), 915 (m), 822 (m), 737 (m), 700 (s), 635 (s), 505 
(s) cm-1;   HRMS-(ESI+) for C24H31OSi [M+H]: calculated: 363.2144, found: 363.2148. 
The crude reaction mixture was purified on silica gel (50:1 pentane:diethyl ether) to 
afford a clear, colorless oil (55.8 mg, 77% yield). Rf = 0.74 (50:1 pentane:diethyl ether, 
stain in PMA).!
!
!
!
!
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TBDPSO
4-ethynyl-4-methyldec-1-ene (Compound 4.123). The title 
compound was prepared via the representative procedure for 
allyl-propargyl coupling on a 0.20 mmol scale. 1H NMR (500 
MHz, CDCl3): δ 5.92 (1H, dddd (app ddt), J = 17.0 Hz, 10.0 Hz, 7.0 Hz, 7.0 Hz), 5.09 
(1H, dddd (app ddt), J = 10.0 Hz, 2.0 Hz, 1.0 Hz, 1.0 Hz), 5.07 (1H, dddd (app ddt), J = 
17.0 Hz, 2.0 Hz, 1.5 Hz, 1.5 Hz), 2.24 (1H, dddd (app ddt), J = 13.0 Hz, 7.0 Hz, 1.0 Hz, 
1.0 Hz), 2.13 (1H, dddd (app ddt), J = 13.0 Hz, 8.0 Hz, 1.5 Hz, 1.5 Hz), 2.11 (1H, s), 
1.40-1.47 (4H, m), 1.35-1.29 (6H, m), 1.15 (3H, s), 0.89 (3H, dd (app t), J = 7.0 Hz, 7.0 
Hz);  13C NMR (125 MHz, CDCl3): δ 134.8, 117.5, 90.7, 68.9, 45.8, 41.1, 34.6, 31.8, 
29.7, 26.6, 24.7, 22.7, 14.1;  IR (neat): 3312 (w), 2956 (m), 2928 (s), 2856 (s), 1462 (w), 
1375 (m), 1233 (w), 1110 (m), 996 (m), 914 (m), 793 (w), 701 (w), 633 (m), 506 (w) cm-1; 
HRMS-(ESI+) for C13H23 [M+H]: calculated: 179.1780, found: 179.1807. The crude 
reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil (33.1 
mg, 93% yield). Rf = 0.88 (pentane, stain in PMA).!
!
(E)-4-ethynyl-6,10-dimethylundeca-1,5,9-triene 
(Compound 4.124). The title compound was prepared via 
the representative procedure for allyl-propargyl coupling on 
a 0.20 mmol scale. 1H NMR (500 MHz, CDCl3): δ 5.85 (1H, dddd (app ddt), J = 17.0 Hz, 
10.0 Hz, 7.0 Hz, 7.0 Hz), 5.12-5.06 (3H, m), 5.06 (1H, dddd (app ddt), J = 10.0 Hz, 2.0 
Hz, 1.0 Hz, 1.0 Hz), 3.26 (1H, dddd (app dtd), J = 9.5 Hz, 7.0 Hz, 7.0 Hz, 2.5 Hz), 2.31 
(1H, ddddd (app tdt), J = 14.0 Hz, 7.5 Hz, 7.5 Hz, 1.5 Hz, 1.5 Hz), 2.24 (1H, ddddd (app 
tdt), J = 14.0 Hz, 7.0 Hz, 7.0 Hz, 1.5 Hz, 1.5 Hz), 2.10 (1H, d, J = 2.5 Hz), 2.08 (2H, dd 
(app t), J = 7.0 Hz, 7.0 Hz), 2.01 (2H, dd (app t), J = 7.5 Hz, 7.5 Hz), 1.68 (3H, d, J = 1.0 
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Hz), 1.65 (3H, d, J = 1.5 Hz), 1.60 (3H, d, J = 1.0 Hz);  13C NMR (125 MHz, CDCl3): δ 
136.9, 135.5, 131.6, 124.0, 124.0, 116.7, 86.5, 68.6, 40.0, 39.5, 30.1, 26.4, 25.6, 17.7, 
16.4;  IR (neat): 3309 (m), 2968 (s), 2916 (s), 2856 (s), 1642 (w), 1440 (m), 1378 (m), 
1107 (w), 995 (m), 915 (m), 838 (w), 631 (s) cm-1;  HRMS-(ESI+) for C15H23 [M+H]: 
calculated: 203.1780, found: 203.1800. The crude reaction mixture was purified on silica 
gel (pentane) to afford a clear, pale yellow oil (37.6 mg, 93% yield). Rf = 0.48 (pentane, 
stain in PMA).!
!
1-(hex-5-en-1-yn-3-yl)-4-methoxybenzene (Compound 4.125). 
The title compound was prepared via the representative 
procedure for allyl-propargyl coupling on a 0.20 mmol scale. 1H 
NMR (500 MHz, CDCl3): δ 7.27 (2H, ddd (app td), J = 8.5 Hz, 2.0 
Hz, 2.0 Hz), 6.87 (2H, ddd (app td), J = 9.0 Hz, 2.5 Hz, 2.5 Hz), 5.84 (1H, dddd (app 
ddt), J = 17.0 Hz, 10.5 Hz, 7.0 Hz, 7.0 Hz), 5.08 (1H, ddd, J = 10.5 Hz, 3.0 Hz, 1.5 Hz), 
5.06-5.04 (1H, m), 3.80 (3H, s), 3.66 (1H, ddd (app dt), J = 7.0 Hz, 7.0 Hz, 2.5 Hz), 
2.51-2.48 (2H, m), 2.29 (1H, d, J = 2.5 Hz);  13C NMR (125 MHz, CDCl3): δ 158.5, 135.2, 
132.9, 128.4, 117.1, 113.9, 85.7, 71.1, 55.3, 42.4, 36.8;  IR (neat): 3295 (m), 2935 (w), 
2910 (w), 2836 (w), 1641 (w), 1611 (m), 1584 (w), 1510 (s), 1464 (m), 1441 (m), 1302 
(w), 1288 (w), 1248 (s), 1177 (m), 1036 (m), 917 (m), 830 (m), 644 (m) cm-1;  HRMS-
(ESI+) for C13H15O1 [M+H]: calculated: 187.1123, found: 187.1128. The crude reaction 
mixture was purified on silica gel (20:1 pentane:diethyl ether) to afford a clear, colorless 
oil (35.3 mg, 95% yield). Rf = 0.61 (20:1 pentane:diethyl ether, stain in PMA).!
!
!
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1-chloro-4-(hex-5-en-1-yn-3-yl)benzene (Compound 4.126). The 
title compound was prepared via the representative procedure for 
allyl-propargyl coupling on a 0.20 mmol scale. 1H NMR (500 MHz, 
CDCl3): δ 7.30 (4H, s), 5.81 (1H, dddd (app ddt), J = 16.5 Hz, 11.5 
Hz, 7.0 Hz, 7.0 Hz), 5.07-5.08 (1H, m), 5.05 (1H, ddd, J = 11.5 Hz, 3.5 Hz, 1.5 Hz), 3.69 
(1H, ddd (app dt), J = 7.0 Hz, 7.0 Hz, 2.5 Hz), 2.49 (2H, dddd (app ddt), J = 7.5 Hz, 7.5 
Hz, 2.5 Hz, 1.5 Hz), 2.31 (1H, d, J = 2.5 Hz);  13C NMR (125 MHz, CDCl3): δ 139.2, 
134.6, 132.7, 128.9, 128.6, 117.5, 84.8, 71.7, 42.2, 37.1;  IR (neat): 3301 (m), 3079 (w), 
2913 (w), 1642 (w), 1491 (s), 1439 (w), 1407 (m), 1274 (w), 1092 (m), 1016 (m), 996 
(w), 919 (m), 825 (s), 642 (s), 514 (m), 495 (w) cm-1;  HRMS-(ESI+) for C12H12Cl [M+H]: 
calculated: 191.0628, found: 191.0632. The crude reaction mixture was purified on silica 
gel (20:1 pentane:diethyl ether) to afford a clear, colorless oil (22.4 mg, 59% yield). Rf = 
0.47 (20:1 pentane:diethyl ether, stain in PMA).!
!
tert-butyl 3-(hex-5-en-1-yn-3-yl)-1H-indole-1-carboxylate 
(Compound 4.127). The title compound was prepared via the 
representative procedure for allyl-propargyl coupling on a 0.20 
mmol scale. 1H NMR (500 MHz, CDCl3): δ 8.15 (1H, d, J = 2.0 Hz), 
7.64 (1H, ddd (app td), J = 7.0 Hz, 1.5 Hz, 1.5 Hz), 7.56 (1H, br s), 7.33 (1H, ddd, J = 8.0 
Hz, 7.5 Hz, 1.0 Hz), 7.25 (1H, ddd, J = 8.5 Hz, 7.5 Hz, 1.0 Hz), 5.94 (1H, dddd (app dt), 
J = 17.0 Hz, 10.0 Hz, 7.0 Hz, 7.0 Hz), 5.14 (1H, ddd, J = 17.0 Hz, 3.0 Hz, 1.5 Hz), 5.11 
(1H, dddd (app dt), J = 10.0 Hz, 3.0 Hz, 1.0 Hz, 1.0 Hz), 3.93 (1H, dddd, J = 8.0Hz, 5.5 
Hz, 2.5 Hz, 1.0 Hz), 2.70 (1H, ddddd, J = 13.5 Hz, 7.0 Hz, 5.5 Hz, 1.5 Hz, 1.5 Hz), 2.64 
(1H, ddddd, J = 13.5 Hz, 8.0 Hz, 7.0 Hz, 1.5 Hz, 1.5 Hz), 2.28 (1H, d, J = 2.5 Hz), 1,68 
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(1H, d, J = 2.5 Hz);  13C NMR (125 MHz, CDCl3): δ 149.7, 135.8, 135.1, 128.8, 124.5, 
123.2, 122.4, 120.0, 119.3, 117.3, 115.4, 84.5, 83.6, 70.6, 39.6, 28.9, 28.2;  IR (neat): 
3296 (w), 2979 (w), 2933 (m), 1729 (s), 1641 (w), 1451 (w), 1376 (s), 1308 (m), 1254 
(s), 1219 (m), 1153 (s), 1079 (s), 1042 (m), 1018 (m), 994 (m), 916 (m), 765 (s), 839 (m), 
641 (s) cm-1;  HRMS-(ESI+) for C19H22N1O2 [M+H]: calculated: 296.1651, found: 
296.1665. The crude reaction mixture was purified on silica gel (20:1 pentane:diethyl 
ether) to afford a clear, colorless oil (33.8 mg, 96% yield). Rf = 0.55 (20:1 pentane:diethyl 
ether, stain in PMA).!
!
hexa-1,2,5-trien-1-ylbenzene (Compound 4.Si.6). The title 
compound was prepared via the representative procedure for allyl-
p ropargy l coup l ing on a 0 .20 mmol sca le employ ing 
triphenylphosphine (2.62 mg, 0.01 mmol, 5 mol%) as the ligand. 1H NMR (500 MHz, 
CDCl3): δ 7.30-7.28 (4H, m), 5.91 (1H, dddd (app ddt), J = 17.0 Hz, 10.5 Hz, 6.5 Hz, 6.5 
Hz), 5.59 (1H, ddd (app dt), J = 6.5 Hz, 6.5 Hz, 6.5 Hz), 5.16 (1H, ddd, J = 17.0 Hz, 3.0 
Hz, 1.5 Hz), 5.06 (1H, ddd, J = 10.5 Hz, 3.0 Hz, 1.5 Hz), 2.90 (2H, ddddd (app tp), J = 
6.5 Hz, 6.5 Hz, 1.5 Hz, 1.5 Hz, 1.5 Hz);  13C NMR (125 MHz, CDCl3): δ 205.6, 136.2, 
134.8, 128.6, 128.5, 126.8, 126.7 (apparent 2 C), 115.6, 95.0, 93.1, 33.1;  IR (neat): 
3081 (w), 3063 (w), 3031 (m), 3007 (w), 2979 (m), 2906 (w), 1949 (m), 1639 (m), 1598 
(w), 1496 (m), 1459 (w), 1431 (w), 1259 (w), 1071 (m), 912 (s), 869 (m), 723 (m), 692 
(s), 625 (m), 498 (m) cm-1;  HRMS-(ESI+) for C12H13 [M+H]: calculated: 157.1017, found: 
157.1024. The crude reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil (7.5 mg, 24% yield). Rf = 0.76 (pentane, stain in PMA).!
!
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undeca-1,4,5-triene (Compound 4.Si.7). The title compound 
was prepared via the representative procedure for allyl-
propargyl coupling on a 0.20 mmol scale employing 
triphenylphosphine (2.62 mg, 0.01 mmol, 5 mol%) as the ligand. 1H NMR (500 MHz, 
CDCl3): δ 5.85 (1H, dddd (app ddt), J = 16.5 Hz, 10.0 Hz, 6.5 Hz, 6.5 Hz), 5.14-5.06 (3H, 
m), 5.01 (1H, ddd, J = 10.0 Hz, 3.5 Hz, 1.5 Hz), 2.75 (2H, ddddd (app tp), J = 6.5 Hz, 6.5 
Hz, 1.5 Hz, 1.5 Hz, 1.5 Hz), 1.99 (1H, ddd (app dt), J = 7.0 Hz, 7.0 Hz, 3.0 Hz), 1.97 (1H, 
ddd, J = 7.5 Hz, 7.0 Hz, 3.0 Hz), 1.43-1.37 (2H, m), 1.33-1.27 (4H, m), 0.90-0.87 (3H, 
m);  13C NMR (125 MHz, CDCl3): δ 204.3, 136.8, 115.0, 91.5, 88.9, 33.5, 31.3, 28.8, 
28.8, 22.5, 14.1;   IR (neat): 3079 (w), 2956 (m), 2924 (s), 2856 (m), 1961 (w), 1640 (w), 
1459 (m), 1378 (w), 991 (w), 911 (m), 868 (w), 728 (w), 632 (w) cm-1;  HRMS-(ESI+) for 
C11H19 [M+H]: calculated: 151.1487, found: 151.1493. The crude reaction mixture was 
purified on silica gel (pentane) to afford a clear, colorless oil (14.7 mg, 49% yield). Rf = 
0.97 (pentane, stain in PMA).!
!
5. Experimental Procedure for Allyl-Propargyl Coupling with β- and γ-Substituted 
Allylboron Nucleophiles!
!
  !
!
Representative Procedure A: An oven-dried two-dram vial equipped with a magnetic 
stir bar was charged with Pd2(dba)3 (2.3 mg, 2.5 μmol), racemic-BINAP (3.1 mg, 5.0 
μmol), and THF (0.4 mL) in a dry-box under argon atmosphere. The vial was capped 
B(pin)
Pd2(dba)3 (1.25%)
rac-BINAP (2.5%)
CsF (3 equiv)
R1THF, 60 °C, 14 h
MeOAc
+
Me
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and allowed to stir for five minutes, then 1-phenylprop-2-yn-1-yl acetate (34.8 mg, 0.200 
mmol) was added, followed by cesium fluoride (91.4 mg, 0.600 mmol), and 
methallylboronic acid pinacol ester (43.7 mg, 0.240 mmol). The vial was sealed, 
removed from the dry-box, and heated to 60 °C while allowing to stir for 14 h. After this 
time, the reaction mixture was diluted with diethyl ether, filtered through a plug of silica 
gel and concentrated in vacuo. The crude reaction mixture was purified on silica gel 
(pentane) to afford a clear, colorless oil (24.6 mg, 83% yield).!
!
  !
!
Representative Procedure B: An oven-dried two-dram vial equipped with a magnetic 
stir bar was charged with Pd2(dba)3 (2.3 mg, 2.5 μmol), (R)-MeO(furyl)BIPHEP (2.7 mg, 
5.0 μmol), and THF (0.4 mL) in a dry-box under argon atmosphere. The vial was capped 
and allowed to stir for five minutes, then (R)-1-phenylprop-2-yn-1-yl acetate (34.8 mg, 
0.200 mmol) was added, followed by cesium fluoride (304 mg, 2.00 mmol), and cis-
crotylboronic acid pinacol ester (43.7 mg, 0.240 mmol). The vial was sealed, removed 
from the dry-box, and heated to 60 °C while allowing to stir for 14 h. After this time, the 
reaction mixture was diluted with diethyl ether, filtered through a plug of silica gel and 
concentrated in vacuo. The crude reaction mixture was purified on silica gel (pentane) to 
afford a clear, colorless oil (28.9 mg, 85% yield of a regioisomeric mixture (vide infra)).!
!
!
!
Pd2(dba)3 (1.25%)
(R)-MeO(furyl)BIPHEP (2.5%)
CsF (10 equiv)
THF, 60 °C, 14 h
B(pin)Me
OAc Me
+
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(5-methylhex-5-en-1-yn-3-yl)benzene (Compound 4.128). The title 
compound was prepared via representative procedure A for allyl-
propargyl coupling with β- and γ-substituted allylboron nucleophiles. 1H 
NMR (500 MHz, CDCl3): δ 7.39-7.36 (2H, m), 7.35-7.31 (2H, m), 7.25 
(1H, tt, J = 6.5 Hz, 1.5 Hz), 4.83 (1H, ddd (app dt), J = 3.0 Hz, 1.5 Hz, 1.5 Hz), 4.77 (1H, 
ddd (app dt), J = 3.0 Hz, 2.0 Hz, 2.0 Hz), 3.81 (1H, ddd, J = 9.0 Hz, 6.0 Hz, 2.5 Hz), 2.51 
(1H, ddd, J = 13.5 Hz, 9.0 Hz, 1.0 Hz), 2.43 (1H, ddd, J = 14.0 Hz, 6.0 Hz, 1.5 Hz), 2.28 
(1H, d, J = 2.5 Hz), 1.77 (3H, s);  13C NMR (125 MHz, CDCl3): δ 142.4, 141.3, 128.5, 
128.5, 127.4, 127.4, 126.9, 113.0, 85.7, 71.2, 46.6, 36.4, 22.4;  IR (neat): 3298 (m), 3076 
(m), 3028 (m), 2969 (m), 2938 (w), 1649 (w), 1493 (m), 1452 (m), 1275 (w), 893 (m), 
752 (s), 697 (s), 638 (s), 560 (s) cm-1;  HRMS-(ESI+) for C13H15 [M+H]: calculated: 
171.1174, found: 171.1179. The crude reaction mixture was purified on silica gel 
(pentane) to afford a clear, colorless oil (24.6 mg, 83% yield). Rf = 0.41 (pentane, stain in 
PMA).!
!
6-ethynyl-8-methylenetetradecane (Compound 4.129). 
The title compound was prepared via representative 
procedure A for allyl-propargyl coupling with β- and γ-
substituted allylboron nucleophiles with oct-1-yn-3-yl 
acetate and 4,4,5,5-tetramethyl-2-(2-methyleneoctyl)-1,3,2-dioxaborolane (60.5 mg, 0.24 
mmol). 1H NMR (500 MHz, CDCl3): δ 4.81 (1H, dd (app t), J = 1.0 Hz, 1.0 Hz), 4.80 (1H, 
dd (app t), J = 1.0 Hz, 1.0 Hz), 2.50 (1H, ddddd (app dtt), J = 8.0 Hz, 8.0 Hz, 6.5 Hz, 6.5 
Hz, 2.5 Hz), 2.22 (1H, ddd, J = 14.0 Hz, 8.0 Hz, 1.0 Hz), 2.15 (1H, ddd, J = 14.0 Hz, 6.5 
Hz, 0.5 Hz), 2.05 (1H, d, J = 2.5 Hz), 2.02 (2H, dd (app t), J = 7.5 Hz, 7.5 Hz), 1.58-1.36 
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(16H, m), 0.90 (3H, dd (app t), J = 7.0 Hz, 7.0 Hz), 0.89 (3H, dd (app t), J = 7.0 Hz, 7.0 
Hz);  13C NMR (125 MHz, CDCl3): δ 147.1, 111.0, 87.9, 69.1, 41.7, 35.8, 34.6, 31.8, 
31.7, 29.9, 29.1, 27.7, 26.8, 22.6, 22.6, 14.1, 14.0;  IR (neat): 3312 (w), 2956 (m), 2927 
(s), 2857 (s), 1645 (w), 1459 (m), 893 (m), 627 (s) cm-1;  HRMS-(ESI+) for C17H31 [M+H]: 
calculated: 235.2426, found: 235.2419. The crude reaction mixture was purified on silica 
gel (pentane) to afford a clear, colorless oil (39.8 mg, 85% yield). Rf = 0.87 (pentane, 
stain in PMA).!
!
((3S,4R)-4-methylhex-5-en-1-yn-3-yl)benzene 
(Compound 4.132). The title compound was 
prepared via representative procedure B for allyl-
propargyl coupling with β- and γ-substituted 
allylboron nucleophiles. (Characterization for 4.132)  1H NMR (500 MHz, CDCl3): δ 
7.34-7.30 (4H, m), 7.26-7.23 (1H, m), 5.83 (1H, ddd, J = 17.5 Hz, 10.0 Hz, 7.5 Hz), 5.00 
(1H, dddd (app ddt), J = 10.0 Hz, 1.5 Hz, 0.5 Hz, 0.5 Hz), 4.91 (1H, ddd (app dt), J = 
17.5 Hz, 1.5 Hz, 1.5 Hz), 3.62 (1H, dd, J = 6.0 Hz, 2.5 Hz), 2.55 (1H, dqd, J = 7.5 Hz, 7.0 
Hz, 6.0 Hz), 2.30 (1H, d, J = 2.5 Hz), 1.10 (3H, d, J = 7.0 Hz);  13C NMR (125 MHz, 
CDCl3): δ 140.1, 128.2 (apparent 4 C), 126.8, (apparent 2 C), 115.1, 84.2, 72.1, 44.1, 
43.9, 18.2;  IR (neat): 3302 (m), 3028 (w), 2967 (m), 2928 (m), 2823 (w), 1640 (w), 1493 
(m), 1452 (m), 1031 (m), 996 (m), 755 (m), 698 (s), 635 (s) cm-1;  HRMS-(ESI+) for 
C13H15 [M+H]: calculated:171.1174, found: 171.1171. The crude reaction mixture was 
purified on silica gel (pentane) to afford a clear, colorless oil (29.8 mg, 85% yield) as a 
3.6:1 mixture of H:J. Rf = 0.47 (pentane, stain in PMA).!
!
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Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound prepared          
from enantioenriched acetate and (R)-MeO(furyl)BIPHEP as compared to product 
prepared with racemic acetate and racemic-BINAP. The absolute stereochemistry was 
assigned as shown below.!
!
Chiral GLC (β-dex, Supelco, 40 °C for 10 min, ramp 0.25 °C/min to 100 °C for 60 min, 20 
psi) - analysis of title compound.!
!
!
              !
!
                 Racemic Sample                                             Enantioenriched Sample
  !
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 24-Apr-12, 10:36:54                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 4/24/2012 9:57:29 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 4/27/2012 9:29:39 AM by John Thompson
                  (modified after loading)
Sample Info     : Beta-Dex 40 deg for 10 min, .25 deg/min to 100 deg for 
                  60 min, 20 psi 35:1 sr
                  
 
min186 188 190 192 194 196 198 200
pA
2.5
3
3.5
4
4.5
5
5.5
 FID1 A,  (MIKE ARDOLINO\MJA-IV-82RAC.D)
  A
rea
: 9
0.6
06
2
 1
92
.0
09
  A
rea
: 9
0.1
14
8
 1
99
.2
57
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-82RAC.D
Sample Name: MJA-IV-82rac
Instrument 1 4/27/2012 9:29:45 AM John Thompson Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 27-Apr-12, 07:46:52                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 4/26/2012 8:25:09 PM by Mike Ardolino
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 4/27/2012 11:34:20 AM by John Thompson
                  (modified after loading)
Sample Info     : Beta-Dex, 40 deg for 10 min, .25 deg/min to 100, 60 min
                  , 20 psi 35:1 sr
                  
 
min186 188 190 192 194 196 198 200
pA
2.5
5
7.5
10
12.5
15
17.5
20
 FID1 A,  (MIKE ARDOLINO\MJA-IV-89PURE2FRAC18-42.D)
  A
rea
: 1
2.6
09
5
 1
91
.9
38
  A
rea
: 8
92
.28
 1
98
.3
36
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-89PURE2FRAC18-42.D
Sample Name: MJA-IV-89pure2frac18-42
Instrument 1 4/27/2012 11:34:21 AM John Thompson Page 1 of 2
 
ignal 1: FID1 A,
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1 191.938 MM    0.4955   12.60948 4.24102e-1  1.39348
   2 198.336 MM    0.7686  892.28021   19.34984 98.60652
 
Totals :                   904.88969   19.77394
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-89PURE2FRAC18-42.D
Sample Name: MJA-IV-89pure2frac18-42
Instrument 1 4/27/2012 11:34:21 AM John Thompson Page 2 of 2
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  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
Proof of Structure and Stereochemistry:!
! The title compound was subjected to selective hydrogenation of the alkyne utilizing          
Lindlar’s catalyst to afford the previously reported 1,5-diene as depicted below. Spectral 
data are in accordance with the literature.66 To determine the absolute stereochemistry, 
the resulting diene was compared by GLC analysis to authentic ((3R,4R)-4-
methylhexa-1,5-dien-3-yl)benzene, prepared by asymmetric allyl-allyl cross coupling as 
depicted below.66!
!
Hydrogenation of Title Compound!
!
  !
!
Enantioselective Allyl-Allyl Cross-Coupling!
  !
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 25-Apr-12, 12:21:02                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 4/25/2012 12:03:17 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 4/27/2012 9:32:03 AM by John Thompson
                  (modified after loading)
Sample Info     : Beta-Dex 40 deg for 10 min, .25 deg/min to 100, 60 min,
                   20 psi 35:1 sr
                  
 
min186 188 190 192 194 196 198 200
pA
5
10
15
20
25
30
 FID1 A,  (MIKE ARDOLINO\MJA-IV-81SPIKE.D)
  A
rea
: 4
73
.23
2
 1
91
.3
65
  A
rea
: 1
52
9.4
 1
98
.0
43
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-81SPIKE.D
Sample Name: MJA-IV-81spike
Instrument 1 4/27/2012 9:32:08 AM John Thompson Page 1 of 2
Lindlar's Cat.
H2 (1 atm), quinoline
DCM, rt, 14 h
Me Me
B(pin)
Pd2(dba)3 (1.25%)
(R)-MeO-furyl-BIPHEP (2.5%)
CsF (10 equiv)
1.2 equiv THF, 25 oC, 14 h
Me
Me
+Cl
90% yield
>99:1 er
6:1 dr
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Preparation of Racemic Sample !
!
  !
!
Chiral GLC (CD-BDM, Supelco, 50 °C for 20 min, ramp 2.5 °C/min to 120 °C for 60 min, 
25 psi)-!
!
               !
Diene from Lindlar reduction                                  Diene from allyl-allyl coupling       !
!
!
!
               !
                   Racemic Sample                                               co-injection of racemic and      
reduced samples! !         !
!
!
B(pin)
Pd2(dba)3 (1.25%)
dpp-Benzene (2.5%)
CsF (10 equiv)
1.2 equiv THF, 25 oC, 14 h
Me
Me
+Cl 90% yield2:1 dr
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 26-Apr-12, 14:44:51                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 4/26/2012 2:36:59 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-IV-90(2).D\DA.M (CD-BDM.M)
Last changed    : 4/27/2012 12:11:16 PM by Mike Ardolino
                  (modified after loading)
Sample Info     : CD-BDM, 50 deg/ 20 min, 2.5 deg/min to 120 deg for 60 m
                  in, 25 psi, sr= 35:1
                  
 
min39 39.2 39.4 39.6 39.8 40 40.2 40.4 40.6 40.8
pA
5
7.5
10
12.5
15
17.5
20
22.5
 FID1 A,  (MIKE ARDOLINO\MJA-IV-90(2).D)
  A
rea
: 1
.96
77
9
 3
9.
57
9
  A
rea
: 1
12
.41
4
 4
0.
29
5
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-IV-90(2).D
Sample Name: MJA-IV-90(2)
Instrument 2 4/27/2012 12:11:20 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 09-Nov-10, 15:40:54                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/9/2010 3:37:30 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 4/27/2012 12:15:02 PM by John Thompson
                  (modified after loading)
Sample Info     : CD-BDM, 50 deg C, 20 min, 2.5 deg/min, 160deg, 10 min, 
                  20 psi, s/r=35:1
                  
 
min40 40.2 40.4 40.6 40.8 41 41.2 41.4
pA
0
20
40
60
80
100
120
140
 FID1 A,  (MIKE ARDOLINO\MJA-II-25CDBDM.D)
  A
rea
: 6
.90
93
1
 4
0.
47
1
  A
rea
: 1
27
7.0
6
 4
1.
01
0
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-II-25CDBDM.D
Sample Name: MJA-II-25CDBDM
Instrument 1 4/27/2012 12:15:05 PM John Thompson Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 09-Nov-10, 14:44:55                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 11/9/2010 2:38:20 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 4/27/2012 12:12:31 PM by John Thompson
                  (modified after loading)
Sample Info     : CD-BDM, 50 deg C, 20 min, 2.5 deg/min, 160deg, 10 min, 
                  20 psi, s/r=35:1
                  
 
min40.4 40.6 40.8 41 41.2 41.4
pA
5
10
15
20
25
30
35
 FID1 A,  (MIKE ARDOLINO\MJA-I-251RAC2CDBDM.D)
  A
rea
: 1
63
.60
4
 4
0.
47
0
  A
rea
: 1
65
.19
5
 4
1.
16
3
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-I-251RAC2CDBDM.D
Sample Name: MJA-I-251rac2CDBDM
Instrument 1 4/27/2012 12:12:35 PM John Thompson Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 26-Apr-12, 16:39:40                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\CD-BDM.M
Last changed    : 4/26/2012 4:02:10 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-IV-90SPIKE87.D\DA.M (CD-BDM.M)
Last changed    : 4/27/2012 12:22:25 PM by Mike Ardolino
                  (modified after loading)
Sample Info     : CD-BDM, 50 deg/ 20 min, 2.5 deg/min to 120 deg for 60 m
                  in, 25 psi, sr= 35:1
                  
 
min39 39.2 39.4 39.6 39.8 40 40.2 40.4 40.6 40.8
pA
5
10
15
20
25
30
35
40
45
 FID1 A,  (MIKE ARDOLINO\MJA-IV-90SPIKE87.D)
 3
9.
54
3
 4
0.
25
1
 
=====================================================================
                         Area Percent Report                         
=====================================================================
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-IV-90SPIKE87.D
Sample Name: MJA-IV-90spike87
Instrument 2 4/27/2012 12:22:30 PM Mike Ardolino Page 1 of 2
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anti-4-ethynyl-3-methylnon-1-ene (Compound 4.133). The title 
compound was prepared via representative procedure B for allyl-
propargyl coupling with β- and γ-substituted allylboron 
nucleophiles with (R)-oct-1-yn-3-yl acetate utilizing (5 mol%) (S,S)-
QuinoxP* as the ligand and (2.5mol %)Pd2(dba)3. 1H NMR (500 MHz, CDCl3): δ 5.85 
(1H, ddd, J = 18.5 Hz, 11.5 Hz, 8.0 Hz), 5.04 (1H, d, J = 1.0 Hz), 5.01 (1H, ddd, J = 6.5 
Hz, 1.5 Hz, 1.0 Hz), 2.32 (1H, dddd (app ddt), J = 9.0 Hz, 5.0 Hz, 5.0 Hz, 2.5 Hz), 
2.29-2.21 (1H, m), 2.06 (1H, d, J = 2.5 Hz), 1.23-1.54 (8H, m), 1.12 (3H, d, J = 7.0 Hz), 
0.89 (3H, dd (app t), J = 7.0 Hz, 7.0 Hz);  13C NMR (125 MHz, CDCl3): δ 140.8, 114.7, 
86.0, 70.2, 41.2, 37.4, 32.6, 31.6, 27.2, 22.6, 18.5, 14.0;  IR (neat): 3311 (w), 2958 (s), 
2928 (s), 2859 (s), 1458 (m), 1420 (w), 997 (w), 967 (m), 629 (m) cm-1;  HRMS-(ESI+) 
for C12H21 [M+H]: calculated: 165.1643, found: 161.1642. The crude reaction mixture 
was purified on silica gel (pentane) to afford a clear, colorless oil (13.0 mg, 40% yield). Rf 
= 0.74 (pentane, stain in PMA). Diastereomer shown assigned by analogy to Product 
4.132.!
!
(Z)-5-ethynyldec-2-ene (Compound 4.SI.9). The title 
compound was isolated as a byproduct from allyl-propargyl 
coupling to generate (3S,4R)-4-ethynyl-3-methylnon-1-ene as 
described above. 1H NMR (500 MHz, CDCl3): δ 5.7 (1H, dqdd (app dqt), J = 12.5 Hz, 6.5 
Hz, 1.5 Hz, 1.5 Hz), 5.49 (1H, dddddd (app dtdt), J = 12.5 Hz, 6.5 Hz, 6.5 Hz, 1.5 Hz, 1.5 
Hz, 1.5 Hz), 2.40-2.34 (1H, m), 2.24 (2H, dddd (app tt), J = 6.5 Hz, 6.5 Hz, 1.5 Hz, 1.5 
Hz), 2.05 (1H, d, J = 2.5 Hz), 1.63 (3H, dddd (app ddt), J = 6.5 Hz, 2.0 Hz, 1.5 Hz, 1.5 
Hz), 1.53-1.25 (8H, m), 0.89 (3H, dd (app t), J = 7.0 Hz, 7.0 Hz);  13C NMR (125 MHz, 
 368
Me
Me
Me Me
CDCl3): δ 127.6, 125.7, 87.9, 69.0, 34.3, 32.2, 31.7 (apparent 2 C), 26.9, 22.6, 14.0, 
13.0;  IR (neat): 3311 (m), 2958 (m), 2928 (s), 2859 (s), 1458 (m), 914 (m), 629 (m) cm-1; 
HRMS-(ESI+) for C12H21 [M+H]: calculated: 165.1643, found: 165.1649. The crude 
reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil (13.0 
mg, 40% yield). Rf = 0.86 (pentane, stain in PMA).!
!
anti-6-ethynyl-7-vinyltetradecane (Compound 4.134). The 
title compound was prepared via representative procedure B for 
allyl-propargyl coupling with β- and γ-substituted allylboron 
nucleophiles with (R)-oct-1-yn-3-yl acetate and (Z)-2-(dec-2-en-1-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (63.9 mg, 0.24 mmol) utilizing (5 mol %) (S,S)-QuinoxP* 
as the ligand and (2.5 mol%)Pd2(dba)3. 1H NMR (500 MHz, CDCl3): δ 5.73 (1H, ddd, J = 
17.5 Hz, 10.5 Hz, 9.5 Hz), 5.06 (1H, dd, J = 10.5 Hz, 2.0 Hz), 4.99 (1H, ddd, J = 17.0 Hz, 
2.0 Hz, 1.0 Hz), 2.41-2.36 (1H, m), 2.04 (1H, d, J = 2.5 Hz), 2.00 (1H, dddd (app dq), J = 
7.0 Hz, 7.0 Hz, 7.0 Hz, 4.0 Hz), 1.49-1.45 (4H, m), 1.37-1.24 (16H, m), 0.89 (3H, dd (app 
t), J = 7.0 Hz, 7.0 Hz), 0.88 (3H, dd (app t), J = 7.5 Hz, 7.5 Hz);  13C NMR (125 MHz, 
CDCl3): δ 139.5, 116.0, 85.9, 70.2, 47.4, 35.9, 33.3, 33.3, 31.9, 31.6, 29.6, 29.3, 27.3, 
27.2, 22.7, 22.6, 14.1, 14.0;  IR (neat): 3312 (m), 3076 (w), 2957 (s), 2925 (s), 2856 (s), 
1640 (w), 1466 (m), 1421 (w), 1378 (w), 1240 (w), 998 (m), 913 (s), 628 (s) cm-1; 
HRMS-(ESI+) for C18H33 [M+H]: calculated: 249.2582, found: 249.2578. The crude 
reaction mixture was purified on silica gel (pentane) to afford a clear, colorless oil (12.3 
mg, 25% yield). Rf = 0.93 (pentane, stain in PMA). Diastereomer shown assigned by 
analogy to Product 4.132.!
!
 369
n-heptyl
Me
(Z)-6-ethynylhexadec-8-ene (Compound 4.SI.10). The 
title compound was isolated as a byproduct from allyl-
propargyl coupling to generate (6R,7S)-6-ethynyl-7-
vinyltetradecane as described above. 1H NMR (500 MHz, CDCl3): δ 5.51-5.42 (2H, m), 
2.41-2.33 (1H, m), 2.23 (2H, dd (app t), J = 6.5 Hz, 6.5 Hz), 2.05 (1H, d, J = 2.5 Hz), 
2.05 (2H, ddd (app dt), J = 6.5 Hz, 6.0 Hz, 6.0 Hz), 1.50-1.24 (18H, m), 0.89 (3H, dd 
(app t), J = 7.0 Hz, 7.0 Hz), 0.88 (3H, dd (app t), J = 7.0 Hz, 7.0 Hz);  13C NMR (125 
MHz, CDCl3): δ 131.9, 126.5, 69.0, 34.3, 32.5, 31.9, 31.8, 31.7, 31.6, 29.7, 29.3, 29.2, 
27.4, 26.9, 22.7, 22.6, 14.1, 14.0;  IR (neat): 3312 (m), 2957 (m), 2926 (s), 2856 (m), 
1465 (m), 628 (m) cm-1;  HRMS-(ESI+) for C18H33 [M+H]: calculated: 249.2582, found: 
249.2573. The crude reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil (7.6 mg, 15% yield). Rf = 0.84 (pentane, stain in PMA).!
!
Preparation of hex-1-en-5-yn-3-ylbenzene (Compound 4.4)!
!
  !
!
! An oven-dried two-dram vial equipped with magnetic stir bar was charged with          
Pd2(dba)3 (2.29 mg, 2.50 μmol), rac-BINAP (3.11 mg, 5.00 μmol), and THF (0.4 mL) in a 
dry-box under argon atmosphere. The vial was capped and allowed to stir for five 
minutes, then cinnamyl acetate (35.2 mg, 0.20 mmol) was added, followed by cesium 
fluoride (91.4 mg, 0.6 mmol), and allenylboronic acid pinacol ester (39.8 mg, 0.24 mmol). 
The vial was sealed, removed from the dry-box, and heated to 60 °C and allowed to stir 
Ph OAc + B(pin)
Pd2(dba)3 (1.25%)
rac-BINAP (2.5%)
CsF (3 equiv)
THF, 60 °C, 14 h Ph1.2 equiv
 370
Me C7H15
for 14 h. After this time, the reaction mixture was diluted with diethyl ether, filtered 
through a plug of silica gel and concentrated in vacuo. The crude reaction mixture was 
purified on silica gel (pentane) to afford a clear, colorless oil (24.0 mg, 77% yield). Rf = 
0.28 (pentane, stain in PMA).!
!
hex-1-en-5-yn-3-ylbenzene (Compound 4.4). 1H NMR (500 MHz, 
CDCl3): δ 7.33 (2H, dddd (app tt), J = 7.5 Hz, 7.5 Hz, 1.5 Hz, 1.5 Hz), 
7.25-7.22 (3H, m), 6.06 (1H, ddd, J = 17.0 Hz, 10.0 Hz, 7.0 Hz), 5.15 
(1H, ddd (app td), J = 10.0 Hz, 1.5 Hz, 1.5 Hz), 5.12 (1H, ddd, J = 17.0 
Hz, 1.5 Hz, 1.5 Hz), 3.55 (1H, ddd (app dt), J = 7.0 Hz, 7.0 Hz, 7.0 Hz), 2.63 (1H, ddd, J 
= 16.5 Hz, 7.0 Hz, 2.5 Hz), 2.59 (1H, ddd, J = 16.5 Hz, 7.0 Hz, 2.5 Hz), 1.97 (1H, dd 
(app t), J = 2.5 Hz, 2.5 Hz);  13C NMR (125 MHz, CDCl3): δ 142.5, 140.0, 128.5, 127.6, 
126.7, 115.4, 82.5, 69.8, 48.2, 25.1;  IR (neat): 3297 (m), 3083 (w), 3063 (w), 3029 (w), 
2913 (w), 1638 (w), 1601 (w), 1494 (m), 1453 (w), 1432 (w), 1416 (w), 1029 (w), 918 
(m), 755 (m), 699 (s), 639 (s) cm-1;  HRMS-(ESI+) for C12H13 [M+H]: calculated: 
157.1017, found: 157.1018.!
!
5-allyldodeca-5,6-diene (Compound 4.139). The title 
compound was prepared via the representative procedure for 
allyl-propargyl coupling with dodec-7-yn-6-yl acetate on a 0.20 
mmol scale. 1H NMR (500 MHz, CDCl3): δ 5.82 (1H, dddd (app ddt), J = 17.0 Hz, 10.0 
Hz, 7.0 Hz, 7.0 Hz), 5.09 (1H, dddd (app tt), J = 6.0 Hz, 6.0 Hz, 3.0 Hz, 3.0 Hz), 5.05 
(1H, ddd, J = 17.0 Hz, 3.5 Hz, 1.5 Hz), 5.00 (1H, dddd (app ddt) J = 10.0 Hz, 3.5 Hz, 1.5 
Hz, 1.5 Hz), 2.69 (2H, ddd (app dt), J = 5.5 Hz, 1.5 Hz, 1.5 Hz), 1.96 (2H, dd, J = 8.0 Hz, 
 371
C5H11C4H9
6.5 Hz), 1.93 (2H, ddd (app dt), J = 7.5 Hz, 3.0 Hz, 3.0 Hz), 1.41-1.29 (10H, m), 0.90 
(3H, dd (app t), J = 7.0 Hz, 7.0 Hz), 0.89 (3H, dd (app t), J = 7.5 Hz, 7.5 Hz);  13C NMR 
(125 MHz, CDCl3): δ 201.2, 136.3, 115.3, 102.5, 91.9, 37.8, 32.0, 31.4, 29.8, 29.3, 29.0, 
22.5, 22.4, 14.1, 13.9;  IR (neat): 2957 (s), 2926 (s), 2872 (s), 2857 (s), 1693 (m), 1465 
(m), 1378 (w), 991 (m), 911 (s), 727 (w) cm-1;  HRMS-(ESI+) for C15H27 [M+H]: 
calculated: 207.2113, found: 207.2118. The crude reaction mixture was purified on silica 
gel (pentane) to afford a clear, colorless oil (20.5 mg, 50% yield). Rf = 0.93 (pentane, 
stain in PMA).!
!
7-allyldodec-5-yne (Compound 4.140). The title 
compound was prepared via the representative procedure 
for allyl-propargyl coupling with dodec-7-yn-6-yl acetate 
on a 0.20 mmol scale. 1H NMR (500 MHz, CDCl3): δ 5.88 
(1H, dddd (app ddt), J = 17.5 Hz, 10.5 Hz, 7.5 Hz, 7.5 Hz), 5.06 (1H, dddd (app ddt), J = 
17.5 Hz, 2.5 Hz, 1.5 Hz, 1.5 Hz), 5.02 (1H, dddd (app ddt), J = 10.5 Hz, 2.5 Hz, 1.0 Hz, 
1.0 Hz), 2.37-2.31 (1H, m), 2.19-2.15 (4H, m), 1.50-1.24 (12H, m), 0.91 (3H, dd (app t), J 
= 7.5 Hz, 7.5 Hz), 0.89 (3H, dd (app t), J = 7.5 Hz, 7.5 Hz);  13C NMR (125 MHz, CDCl3): 
δ 136.6, 116.0, 83.1, 81.6, 39.9, 34.8, 31.7, 31.7, 31.3, 26.9, 22.6, 21.9, 18.4, 14.0, 13.6; 
IR (neat): 2957 (s), 2928 (s), 2858 (s), 1642 (w), 1465 (m), 1378 (w), 1343 (w), 993 (m), 
911 (s), 728 (w) cm-1;  HRMS-(ESI+) for C25H27 [M+H]: calculated: 207.2113, found: 
207.2111. The crude reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil (7.6 mg, 18% yield). Rf = 0.70 (pentane, stain in PMA).!
!
!
 372
Me
C4H9
6. Preparation of (R)-3-methyl-5-pentylcyclohex-2-enone (Compound 4.131)!
!
  !
!
! The title compound was prepared via the two step literature procedure with slight          
modification as shown below.  The intermediate siloxy alkyne was carried on crude to 68
the second step after workup and was not purified by bulb to bulb distillation as reported 
in the literature. The crude reaction mixture was purified on silica gel (5:1 pentane:diethyl 
ether) to afford a clear, colorless oil (41.9 mg, 76% yield). Rf = 0.38 (5:1 pentane:diethyl 
ether, stain in PMA).!
!
(R)-3-methyl-5-pentylcyclohex-2-enone (Compound 4.131). Spectral data are in 
accordance with the literature.  [α]22D = −69.082 (c = 1.54, CHCl3).!69
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound prepared          
from (R)-4-ethynyl-2-methylnon-1-ene as compared to product prepared with racemic 
material. To determine the absolute stereochemistry, the optical rotation of the product 
([α]20D = −69.1 (c = 1.54, CHCl3) was compared to the rotation of authentic (R)-3-
n-pent
Me
LiHMDS (2.4 equiv)
HOOt-bu (1.1 equiv)
THF, −78 oC to rt HN(Tf)2 (1.2 equiv)
n-pent
O
Me
n-pent
Me
OTIPS
DCM, 1 h
TIPS-OTF (1.1 equiv)
THF, −78 oC to rt
Intermediate not purified
then
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 a) Shubinets, V.; Schramm, M.; Kozmin, S. Org. Syn. 2010, 87, 253. b) Zhang, L.; Kozmin, S. 68
J. Am. Chem. Soc. 2004, 126, 10204.
 Zhou, J.; Wakchaure, V.; Kraft, B., List, B. Angew. Chem. Int. Ed. 2008, 47, 7656.69
methyl-5-pentylcyclohex-2-enone ([α]20D = −33.59 (c = 1.89, CHCl3)) as previously 
reported in the literature. !70
!
Chiral GLC (β-dex, Supelco, 100 °C for 10 min, ramp 1 °C/min to 140 °C for 120 min, 20 
psi)- analysis of title compound.!
!
!
               !
                 Racemic Sample                                                   Enantioenriched Sample!
  !
!
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
=====================================================================
Acq. Operator  : Mike Ardolino               
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 09-Jan-12, 16:13:37                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 1/9/2012 4:11:50 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-221RAC.D\DA.M (BETA-DEX.M)
Last changed    : 1/24/2012 11:27:58 AM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-DEX, 100 deg C/10 min, 1 deg/min to 140, 120 min, 
                  20 psi, sr = 35/1
                  
 
min57.8 58 58.2 58.4 58.6 58.8 59 59.2 59.4
pA
6
8
10
12
14
 FID1 A,  (MIKE ARDOLINO\MJA-III-221RAC.D)
  A
rea
: 1
25
.87
2
 5
8.
22
6
  A
rea
: 1
25
.99
3
 5
8.
88
7
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-221RAC.D
Sample Name: MJA-III-221rac
Instrument 2 1/24/2012 11:28:00 AM Kai Hong Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 12-Jan-12, 14:37:48                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 1/12/2012 2:36:11 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-225.D\DA.M (BETA-DEX.M)
Last changed    : 1/24/2012 11:30:47 AM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-DEX, 100 deg for 10 min, 1 deg/min to 140, 120 min
                   , 20 psi, sr = 35/1
                  
 
min57.8 58 58.2 58.4 58.6 58.8 59 59.2 59.4
pA
10
20
30
40
50
60
70
80
90
 FID1 A,  (MIKE ARDOLINO\MJA-III-225.D)
  A
rea
: 1
.81
94
 5
8.
17
0
  A
rea
: 1
67
6.2
5
 5
8.
59
3
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-225.D
Sample Name: MJA-III-225
Instrument 2 1/24/2012 11:30:49 AM Kai Hong Page 1 of 2
 
Signal 1: FID1 A,
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  58.170 MM    0.1532    1.81940 1.97911e-1  0.10842
   2  58.593 MM    0.3146 1676.24976   88.79646 99.89158
 
Totals :                  1678.06916   88.99437
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-225.D
Sample Name: MJA-III-225
Instrument 2 1/24/2012 11:30:49 AM Kai Hong Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 2                    Location : Vial 1
Injection Date  : 12-Jan-12, 16:31:40                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\2\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 1/12/2012 4:10:51 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-225SPIKE.D\DA.M (BETA-DEX.M)
Last changed    : 1/24/2012 11:28:43 AM by Kai Hong
                  (modified after loading)
Sample Info     : Beta-DEX, 100 deg for 10 min, 1 deg/min to 140, 120 min
                   , 20 psi, sr = 35/1
                  
 
min57.8 58 58.2 58.4 58.6 58.8 59 59.2 59.4
pA
5
10
15
20
25
30
35
40
45
 FID1 A,  (MIKE ARDOLINO\MJA-III-225SPIKE.D)
  A
rea
: 1
58
.62
8
 5
8.
19
9
  A
rea
: 5
97
.12
6
 5
8.
76
6
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\2\DATA\MIKE ARDOLINO\MJA-III-225SPIKE.D
Sample Name: MJA-III-225spike
Instrument 2 1/24/2012 11:28:46 AM Kai Hong Page 1 of 2
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 Buzas, A.; Gagosz, F. J. Am. Chem. Soc. 2006, 128, 12614.70
C. Experimental Procedures: Section IV, Kinetic Resolution!
!
1. Preparation and Characterization of Additional Propargyl Acetates!
!
1-phenylbut-3-yn-2-yl acetate (Compound 4.SI.11). From 1-
phenylbut-3-yn-2-ol, prepared as shown below from commercially 
available 2-phenylacetaldehyde, representative procedure A (see 
Section VI.B.1) was followed to afford a clear, colorless oil (297 mg, 79% yield). Rf = 0.7 
(5:1 pentane:diethyl ether, stain in PMA). Spectral data are in accordance with the 
literature.57!
!
  !
!
1-(p-tolyl)prop-2-yn-1-yl acetate (Compound 4.SI.12). From 
commercially available p-tolualdehyde, representative procedure 
B (see Section VI.B.1) was followed to afford a clear, colorless oil 
(282 mg, >96% yield). Rf = 0.26 (25:1 hexane:ethyl acetate; stain 
in PMA). Spectral data are in accordance with literature.57!
!!!!!!!!
O Me
O
OHO MgBr
THF, 0 oC to rt
Rep. Proc A
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1-(benzo[d][1,3]dioxol-5-yl)prop-2-yn-1-yl acetate (Compound 
4.SI.13). From commercially available piperonal, representative 
procedure B (see Section VI.B.1) was followed to afford a white 
solid (849 mg, >96% yield). Rf = 0.14 (20:1 hexane: ethyl acetate; 
stain in PMA). Spectral data are in accordance with the literature.58!
!
2. Preparation of [(R)-(+)-2,2'-Bis(di-2-furanylphosphino)-6,6'-dimethoxy-1,1'-
biphenyl]palladium(II) dichloride (4.158).!
!
  ! !
!
! An oven-dried round-bottomed flask equipped with a magnetic stir bar was          
charged with bis(benzonitrile)palladium(II) chloride (83.9 mg, .219 mmol) and toluene 
(12.0 mL) in a dry-box under argon atmosphere to form a rust-brown solution. Also in the 
dry-box, an oven-dried 2 dram vial equipped with a magnetic stir bar was charged with 
(R)-(+)-2,2'-Bis(di-2-furanylphosphino)-6,6'-dimethoxy-1,1'-biphenyl [(R)-
Methoxy(furyl)BIPHEP] and toluene (3.0 mL). Both vessels were sealed with septa, 
removed from the dry box, and heated to 70 °C with stirring under a positive pressure of 
dry nitrogen. The solution of ligand was added dropwise to the stirring solution of 
palladium complex over five minutes. The solution was stirred for three hours, over the 
course of which a bright yellow precipitate formed. The solution was slowly cooled to 
room temperature, and additional solids were crashed out of solution with the addition of 
P
POMe
OMe
O
O
2
2
P
POMe
OMe
O
O
PdCl2
2
2
PdCl2(NCPh)2 Toluene, 70 °C, 3 h
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30 mL pentane. The solids were filtered away from the solution in a Buchner funnel with 
filter paper and washed with cold diethyl ether to yield a fine, dull yellow powder. This 
powder was dried for 12 hours under high-vacuum at 60 °C to yield a bright yellow 
powder (106 mg, 67% yield). The catalyst complex was effective without any further 
pur ificat ion. [(S) - (+)-2,2 ' -Bis(di-2- furanylphosphino)-6,6 ' -d imethoxy-1,1 ' -
biphenyl]palladium(II) dichloride was prepared utilizing the same method with (S)-
(+ ) -2 ,2 ' -B is (d i -2 - fu rany lphosph ino ) -6 ,6 ' -d ime thoxy -1 ,1 ' -b ipheny l [ (S ) -
Methoxy(furyl)BIPHEP].!
!
[ (R ) - (+ ) -2 ,2 ' -B is (d i -2 - fu rany lphosph ino) -6 ,6 ' -
dimethoxy-1,1'-biphenyl]palladium(II) dichloride (4.158). 
1H NMR (500 MHz, CDCl3): δ 7.80 (2H, s), 7.483 (2H, s), 
7.22 (2H, dd, J = 3.0 Hz, 3.0 Hz), 7.16 (2H, ddd, J = 8.0 Hz, 
8.0 Hz, 3.0 Hz), 6.93 (2H, d, J = 3.0 Hz), 6.85 (2H, dd, J = 
12.5 Hz, 8.0 Hz), 6.76 (2H, d, J = 8.0 Hz), 6.45 (2H, ddd, J = 3.0 Hz, 1.5 Hz, 1.5 Hz), 
6.24-6.43 (2H, m), 3.60 (6H, s); 31P NMR (202 MHz, CDCl3): δ -11.56; IR (neat): 3109 
(m), 3084 (m), 2937 (m), 2835 (w), 2228 (m), 1461 (s), 1267 (s), 1010 (s). See Appendix 
B for crystal structure.!
!
!
!
!
!
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3. Representative Procedure for Resolution of Propargyl Acetates with 
Allylboronic acid Pinacol Ester [allyl B(pin)].!
!
  !
!
! An oven-dried 2-Dram vial equipped with a magnetic stir bar was charged          
successively with [(R)-(+)-2,2'-Bis(di-2-furanylphosphino)-6,6'-dimethoxy-1,1'-
biphenyl]palladium(II) dichloride (4.158, 2.2 mg, 3.0 μmol), THF (0.8 mL), oct-1-yn-3-yl 
acetate (67.3 mg, 0.400 mmol), allylboronic acid pinacol ester (33.6 mg, 0.200 mmol), 
and cesium fluoride (182 mg, 1.20 mmol) in a dry-box under argon atmosphere. The vial 
was sealed, removed from the dry-box, and heated to 60 °C while allowing to stir for 8 h. 
After this time, the reaction mixture was diluted with diethyl ether, filtered through a plug 
of silica gel and concentrated in vacuo.!
!
4. Characterization of Products and Analysis of Stereochemistry!
Kinetic resolution to give (R)-4-ethynylnon-1-ene (Table 4.6, entry 4): The 
representative procedure was followed with oct-1-yn-3-yl acetate.!
!
(R)-4-ethynylnon-1-ene (Compound 4.109). The crude 
reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil. Rf = 0.71 (pentane, stain in PMA). [α]22D = 
11.0 (c = 0.20, CDCl3). Spectral data are in accordance with that presented above in 
Section VI.B.4.!
n-pent
O Me
O
B(pin)
+
(R)-4.158 (0.75 mol %)
CsF (3 equiv.)
THF, 60 oC, 8 h
n-pent0.5 equiv.
n-pent
O Me
O
+
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Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned as shown below.!
!
Chiral GLC (CD-BDM, Supelco, 40 °C for 30 min, ramp 0.25 °C/min to 50 °C for 10 min, 
20 psi) - analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
!
    !
Co-Injection of Racemic and !
Enantioenriched Samples!
=====================================================================
Acq. Operator   : Meredith                     
Acq. Instrument : Instrument 3                    Location :   -
Injection Date  : 22-Oct-12, 14:28:17                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\HPCHEM\1\METHODS\JADF.M
Last changed    : 10/22/2012 2:22:22 PM by Meredith
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SLEEP.M
Last changed    : 1/12/2013 10:31:59 AM by ying
                  (modified after loading)
Sample Info     : room325, inst3, CDB/DM,40 oC, for 30 min, 0.25 deg/min 
                  to 50 for 10min, 20 psi
                  
                  
                  
 
min50 52 54 56
pA
14.5
15
15.5
16
16.5
17
17.5
 FID1 A,  (MSE\MJA-III-129.D)
  A
rea
: 9
2.6
33
1
 5
2.
91
0
  A
rea
: 9
3.5
62
6
 5
5.
21
1
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  52.910 MF    0.5569   92.63312    2.77246 49.75040
   2  55.211 FM    0.5921   93.56261    2.63372 50.24960
 
Data File C:\HPCHEM\1\DATA\MSE\MJA-III-129.D
Sample Name: MJA-III-129
Instrument 3 1/12/2013 10:32:01 AM ying Page 1 of 2
=====================================================================
Acq. Operator   : Meredith                     
Acq. Instrument : Instrument 3                    Location :   -
Injection Date  : 23-Oct-12, 09:06:34                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\HPCHEM\1\METHODS\JADF.M
Last changed    : 10/23/2012 8:56:49 AM by Meredith
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SLEEP.M
Last changed    : 1/12/2013 10:31:26 AM by ying
                  (modified after loading)
Sa ple Info     : room325, inst3, CDB/DM,40 oC, for 30 min, 0.25 deg/min 
                  to 50 for 10min, 20 psi
                  
                  
                  
 
min50 52 54 56
pA
15
16
17
18
19
20
21
22
 FID1 A,  (MSE\2-096E-1.D)
  A
rea
: 2
83
.73
5
 5
2.
61
1
  A
rea
: 3
9.6
60
8
 5
5.
24
8
 
===================================================================
                       Area Percent Report                         
===================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  52.611 MF    0.6246  283.73468    7.57123 87.73612
   2  55.248 FM    0.5893   39.66084    1.12167 12.26388
 
Data File C:\HPCHEM\1\DATA\MSE\2-096E-1.D
Sample Name: MSE-II-096E
Instrument 3 1/12/2013 10:31:28 AM ying Page 1 of 2
=====================================================================
Acq. Operator   : Meredith                     
Acq. Instrument : Instrument 3                    Location :   -
Injection Date  : 23-Oct-12, 09:06:34                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\HPCHEM\1\METHODS\JADF.M
Last changed    : 10/23/2012 8:56:49 AM by Meredith
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SLEEP.M
Last changed    : 1/12/2013 10:31:26 AM by ying
                  (modified after loading)
Sample Info     : room325, inst3, CDB/DM,40 oC, for 30 min, 0.25 deg/min 
                  to 50 for 10min, 20 psi
                  
                  
                  
 
min50 52 54 56
pA
15
16
17
18
19
20
21
22
 FID1 A,  (MSE\2-096E-1.D)
  A
rea
: 2
83
.73
5
 5
2.
61
1
  A
rea
: 3
9.6
60
8
 5
5.
24
8
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A,
 
Peak RetTime Type  Width     Area  Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  52.611 MF    0.6246  283.73468    7.57123 87.73612
   2  55.248 FM    0.5893   39.66084    1.12167 12.26388
 
Data File C:\HPCHEM\1\DATA\MSE\2-096E-1.D
Sample Name: MSE-II-096E
Instrument 3 1/12/2013 10:31:28 AM ying Page 1 of 2
=====================================================================
Acq. Operator   : Meredith                     
Acq. Instrument : Instrument 3                    Location :   -
Injection Date  : 23-Oct-12, 12:27:38                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\HPCHEM\1\METHODS\JADF.M
Last changed    : 10/23/2012 12:17:53 PM by Meredith
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SLEEP.M
Last changed    : 1/12/2013 10:30:54 AM by ying
                  (modified after loading)
Sample Info     : room325, inst3, CDB/DM,40 oC, for 30 min, 0.25 deg/min 
                  to 50 for 10min, 20 psi
                  
                  
                  
 
min50 52 54 56
pA
16
18
20
22
24
26
 FID1 A,  (MSE\2-096E-1-SPIKE.D)
  A
rea
: 5
50
.96
1
 5
2.
32
3
  A
rea
: 2
98
.44
3
 5
4.
91
9
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  52.323 MF    0.7120  550.96057   12.89747 64.86439
   2  54.919 FM    0.6748  298.44315    7.37065 35.13561
 
Data File C:\HPCHEM\1\DATA\MSE\2-096E-1-SPIKE.D
Sample Name: MSE-II-096E-spike
Instrument 3 1/12/2013 10:30:56 AM ying Page 1 of 2
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Proof of Absolute Stereochemistry:!
! To determine the absolute stereochemistry, the title compound was compared by          
GLC analysis to authentic (R)-4-ethynylnon-1-ene, prepared by the stereospecific enyne 
cross coupling as depicted below.!
!
  !
!
Chiral GLC (CD-BDM, Supelco, 40 °C for 30 min, ramp 0.25 °C/min to 50 °C for 10 min, 
20 psi) - analysis of title compound.!
!
               !
                Title Compound                                     authentic (R)-4-ethynylnon-1-ene!
!
(S)-oct-1-yn-3-yl acetate (Compound 4.108). The crude 
reaction mixture was purified on silica gel (pentane) to afford 
a clear, colorless oil. Rf = 0.60 (10:1 pentane: diethyl ether, 
stain in PMA). [α]22D = -19.1 (c = 1.06, CDCl3). Spectral data 
are in accordance with literature.57!
!
O Me
O
B(pin)
+
Pd2(dba)3 (1.25 mol %)
rac-BINAP (2.5 mol %)
CsF (3 equiv.)
THF, 60 oC, 14 h
1.2 equiv.
Me
Me
(>99:1 e.r.) (>99:1 e.r.)
=====================================================================
Acq. Operator   : Meredith                     
Acq. Instrument : Instrument 3                    Location :   -
Injection Date  : 23-Oct-12, 09:06:34                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\HPCHEM\1\METHODS\JADF.M
Last changed    : 10/23/2012 8:56:49 AM by Meredith
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SLEEP.M
Last changed    : 1/12/2013 10:31:26 AM by ying
                  (modified after loading)
Sample Info     : room325, inst3, CDB/DM,40 oC, for 30 min, 0.25 deg/min 
                  to 50 for 10min, 20 psi
                  
                  
                  
 
min50 52 54 56
pA
15
16
17
18
19
20
21
22
 FID1 A,  (MSE\2-096E-1.D)
  A
rea
: 2
83
.73
5
 5
2.
61
1
  A
rea
: 3
9.6
60
8
 5
5.
24
8
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  52.611 MF    0.6246  283.73468    7.57123 87.73612
   2  55.248 FM    0.5893   39.66084    1.12167 12.26388
 
Data File C:\HPCHEM\1\DATA\MSE\2-096E-1.D
Sample Name: MSE-II-096E
Instrument 3 1/12/2013 10:31:28 AM ying Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 3                    Location :   -
Injection Date : 14-Jan-13, 09:40:25                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\HPCHEM\1\METHODS\JADF.M
Last changed    : 1/14/2013 9:32:54 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SLEEP.M
Last changed    : 1/15/2013 5:27:00 PM by ying
                  (modified after loading)
Sample Info     : room325, inst3, CDB/DM, 40 deg C for 30 min, 0.25 deg/m
                  in to 50 dor 10 min , 15 psi,
                  
                  
                  
 
min50 52 54 56
pA
14.6
14.8
15
15.2
15.4
15.6
15.8
16
16.2
 FID1 A,  (MSE\MJA-II-051-ENYNE.D)
  A
rea
: 3
7.3
38
9
 5
2.
70
0
 
=====================================================================
               Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #  [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1   1.610 BB S  0.0187 3.39529e5  2.36704e5  92.10473
   2   1.939 BB X  0.0289   86.98950   46.40181  0.02360
   3   2.166 BB    0.0292  361.30829  199.06042  0.09801
Data File C:\HPCHEM\1\DATA\MSE\MJA-II-051-ENYNE.D
Sample Name: MJA-III-051-enyne
Instrument 3 1/15/2013 5:27:02 PM ying Page 1 of 2
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Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned as shown below.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 11-Aug-12, 10:09:19                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 8/9/2012 7:55:51 AM by Meredith Eno
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/12/2013 11:29:45 AM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg C/min to 140 for 2
                  0 min. 20 psi, sr = 35:1
                  
 
min22.6 22.8 23 23.2 23.4 23.6 23.8 24
pA
5
10
15
20
25
30
35
 FID1 A,  (MEREDITH ENO\MSE-II-060START.D)
 2
3.
13
5
 2
3.
50
4
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-060START.D
Sample Name: MSE-II-060START
Instrument 1 1/12/2013 11:29:47 AM Chris Schuster Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 02-Oct-12, 08:07:48                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 8/9/2012 7:55:51 AM by Meredith Eno
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/12/2013 11:27:48 AM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 140 for 20 mi
                  n, 20 psi, sr = 35:1
                  
 
min22.6 22.8 23 23.2 23.4 23.6 23.8 24
pA
0
20
40
60
80
100
120
140
160
 FID1 A,  (MEREDITH ENO\MSE-II-096-ACETATE.D)
 2
3.
11
8
 2
3.
46
3
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-096-ACETATE.D
Sample Name: MSE-II-096-acetate
Instrument 1 1/12/2013 11:27:50 AM Chris Schuster Page 1 of 2
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  23.118 BB    0.0346  168.23032   62.15095 23.41013
   2  23.463 BB    0.0412  550.39166  166.93874 76.58987
 
Totals :                   718.62198  229.08968
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-096-ACETATE.D
Sample Name: MSE-II-096-acetate
Instrument 1 1/12/2013 11:27:50 AM Chris Schuster Page 2 of 2
=====================================================================
Acq. Operator   : Meredith Eno              
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 22-Oct-12, 13:13:13                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 8/9/2012 7:55:51 AM by Meredith Eno
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/12/2013 11:29:08 AM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg/min to 140, for 20
                   20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-096-AC-SPIKE.D
Sample Name: MSE-II-096-Ac spike
Instrument 1 1/12/2013 11:29:09 AM Chris Schuster Page 1 of 2
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Proof of Absolute Stereochemistry:!
! To determine the absolute stereochemistry, the title compound was compared by          
GLC analysis to authentic (R)-oct-1-yn-3-yl acetate prepared from commercially 
available (R)-oct-1-yn-3-ol as shown below.!
!
  !
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Title Compound                                                     (R)-oct-1-yn-3-yl acetate!
!
Kinetic resolution to give (R)-(((2-ethynylpent-4-en-1-yl)oxy)methyl)benzene (Table 
4.7, Entry 1): The representative procedure was followed with 1-(benzyloxy)but-3-yn-2-
yl acetate on a 0.2 mmol scale. !
!
!
!
O Me
O
Me
(>99:1 e.r.)
OH
Me
(>99:1 e.r.)
Ac2O, DMAP, TEA
DCM, 0 oC to rt
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 02-Oct-12, 08:07:48                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 8/9/2012 7:55:51 AM by Meredith Eno
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/12/2013 11:27:48 AM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 140 for 20 mi
                  n, 20 psi, sr = 35:1
                  
 
min22.6 22.8 23 23.2 23.4 23.6 23.8 24
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 FID1 A,  (MEREDITH ENO\MSE-II-096-ACETATE.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-096-ACETATE.D
Sample Name: MSE-II-096-acetate
Instrument 1 1/12/2013 11:27:50 AM Chris Schuster Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 29-Sep-12, 14:14:07                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 9/29/2012 2:12:07 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/12/2013 11:30:32 AM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 140 for 20 mi
                  n, 20 psi, sr = 35:1
                  
 
min22.6 22.8 23 23.2 23.4 23.6 23.8 24
pA
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50
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 FID1 A,  (MEREDITH ENO\MSE-II-105-ACETATE.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-105-ACETATE.D
Sample Name: MSE-II-105-enriched-acetate
Instrument 1 1/12/2013 11:30:37 AM Chris Schuster Page 1 of 2
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(R)-(((2-ethynylpent-4-en-1-yl)oxy)methyl)benzene (Table 
4.7, Entry 1 A). The crude reaction mixture was purified on 
silica gel (10:1 pentane:diethyl ether) to afford a clear, colorless 
oil. Rf = 0.86 (10:1 pentane:diethyl ether, stain in KMNO4). [α]22D = -8.46 (c = 0.73, 
CHCl3). Spectral data are in accordance with that presented above in Section VI.B.4.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.109.!
!
Chiral SFC (OJ-H, Chiralpak, 215 nm, 1.0 mL/min, 1.0% 1:1 i-PrOH:Hexanes, 100 bar, 
35 °C) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
!
  !
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O
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
(R)-1-(benzyloxy)but-3-yn-2-yl acetate (Table 4.7, Entry 1 C). 
The crude reaction mixture was purified on silica gel (10:1 
pentane:diethyl ether) to afford a clear, colorless oil. Rf = 0.24 
(10:1 pentane:diethyl ether, stain in KMNO4). [α]22D = -28.4 (c = 10.76, KMNO4). Spectral 
data are in accordance with that presented above in Section VI.B.1.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.108.!
!
!
!
!
!
!
 384
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Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 160 °C for 20 min, 20 
psi) - analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
!
  !
!
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Oct-12, 18:27:49                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/17/2012 6:23:37 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 1:53:28 PM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 160, 20 min ,
                   20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-233RAC.D
Sample Name: MJA-IV-233rac
Instrument 1 10/21/2012 1:53:31 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 30-Sep-12, 10:43:40                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 9/30/2012 10:42:11 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 1:54:05 PM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 160 for 20 mi
                  n, 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-9OAC.D
Sample Name: MJA-V-9oAc
Instrument 1 10/21/2012 1:54:07 PM Mike Ardolino Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  45.433 MM    0.1399  220.35901   26.25463 25.63870
   2  45.935 MM    0.1506  639.11896   70.73759 74.36130
 
Totals :                   859.47797   96.99221
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-9OAC.D
Sample Name: MJA-V-9oAc
Instrument 1 10/21/2012 1:54:07 PM Mike Ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Oct-12, 19:27:59                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed   : 10/17/2012 7:22:53 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 1:54:40 PM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 160, 20 min ,
                   20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-9OACSPIKE.D
Sample Name: MJA-V-25oAcspike
Instrument 1 10/21/2012 1:54:43 PM Mike Ardolino Page 1 of 2
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Kinetic resolution to give (S)-tert-butyl((3-ethynylhex-5-en-1-yl)oxy)diphenylsilane 
(Table 4.7, Entry 2): The representative procedure was followed with 5-((tert-
butyldiphenylsilyl)oxy)pent-1-yn-3-yl acetate with the following modification: the reaction 
was run for 12 hours on a 0.2 mmol scale.!
!
(S)-tert-butyl((3-ethynylhex-5-en-1-yl)oxy)diphenylsilane 
(Table 4.7, Entry 2 A). The crude reaction mixture was purified 
on silica gel (10:1 pentane:diethyl ether) to afford a clear, 
colorless oil. Rf = 0.95 (10:1 pentane:diethyl ether, stain in 
KMNO4). [α]22D = 13.9 (c = 1.52, CHCl3). Spectral data are in 
accordance with that presented above in Section VI.B.4.!
!
Analysis of Stereochemistry:!
The compound was not separated by chiral chromatography. The absolute 
stereochemistry was assigned by analogy to 4.109.!
!
(S)-5-((tert-butyldiphenylsilyl)oxy)pent-1-yn-3-yl acetate 
(Table 4.7, Entry 2 C). The crude reaction mixture was purified 
on silica gel (10:1 pentane:diethyl ether) to afford a clear, 
colorless oil. Rf = 0.35 (10:1 pentane:diethyl ether, stain in 
KMNO4). [α]22D = -18.2 (c = 1.52, CHCl3). Spectral data are in 
accordance with that presented above in Section VI.B.1.!
!
!
!
 386
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Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.108.!
!
Chiral SFC (OJ-H, Chiralpak, 215 nm, 5.0 mL/min, 1.0% 1:1 i-PrOH:Hexanes, 100 bar, 
35 °C) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!
 387
Kinetic resolution to give (R)-(3-ethynylhex-5-en-1-yl)benzene (Table 4.7, Entry 3): 
The representative procedure was followed with 5-phenylpent-1-yn-3-yl acetate on a 0.2 
mmol scale.!
!
(R)-(3-ethynylhex-5-en-1-yl)benzene (Table 4.7, Entry 3 A). The 
crude reaction mixture was purified on silica gel (pentane) to afford 
a clear, colorless oil. Rf = 0.37 (pentane, stain in PMA). [α]22D = 
34.6 (c = 0.58, CHCl3). Spectral data are in accordance with that presented above in 
Section VI.B.4.!
!
Analysis of Stereochemistry:!
The compound was not separated by chiral chromatography. The absolute 
stereochemistry was assigned by analogy to 4.109.!
!
(S)-5-phenylpent-1-yn-3-yl acetate (Table 4.7, Entry 3 C). The 
crude reaction mixture was purified on silica gel (10:1 pentane: 
diethyl ether) to afford a clear, colorless oil. Rf = 0.21 (15:1 
hexane: ethyl acetate, stain in PMA). [α]22D = -9.09 (c = 0.63, 
CHCl3). Spectral data are in accordance with the literature.58!
!
!
!
!
!
 388
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Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.108.!
!!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 4 °C/min to 160 °C for 10 min, 20 
psi) - analysis of title compound.!
!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
=====================================================================
Acq. Operator   : Meredith Eno                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 07-Oct-12, 11:00:08                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/7/2012 10:56:45 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:42:43 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg for 10 min, 4 deg/min to 160, for 20 m
                  in, 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-069-RAC.D
Sample Name: MSE-II-069-RAC
Instrument 1 11/19/2012 5:42:45 PM Ryan Coombs Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Oct-12, 14:29:45                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/19/2012 2:27:13 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:41:20 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg for 10 min, 4 deg/min to 160, 20 min ,
                   20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-123AC.D
Sample Name: MSE-II-123-AC
Instrument 1 11/19/2012 5:41:32 PM Ryan Coombs Page 1 of 2
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  41.184 BB   0.0661   60.8 9 9   11.52059 16.33605
   2  41.512 BB    0.0657  311.48068   56.19104 83.66395
 
Totals :                   372.29977   67.71163
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-123AC.D
Sample Name: MSE-II-123-AC
Instrument 1 11/19/2012 5:41:32 PM Ryan Coombs Page 2 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Oct-12, 15:44:13                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/19/2012 3:33:14 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:42:04 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg for 10 min, 4 deg/min to 160, 20 min ,
                   20 psi, sr = 35:1
                  
 
min40.6 40.8 41 41.2 41.4 41.6 41.8
pA
0
10
20
30
40
50
60
 FID1 A,  (MEREDITH ENO\MSE-II-123AC-SPIKE.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-123AC-SPIKE.D
Sample Name: MSE-II-123-AC-SPIKE
Instrument 1 11/19/2012 5:42:07 PM Ryan Coombs Page 1 of 2  389
Kinetic resolution to give (S)-(2-ethynylpent-4-en-1-yl)benzene (Table 4.7, Entry 4): 
The representative procedure was followed with 1-phenylbut-3-yn-2-yl acetate on a 0.2 
mmol scale.!
!
(S)-(2-ethynylpent-4-en-1-yl)benzene (Table 4.7, Entry 4 A). 1H 
NMR (500 MHz, CDCl3): δ 7.28-7.32 (2H, m), 7.21-7.25 (3H, m), 
5.92 (1H, ddddd (app dtt), J = 17.0 Hz, 8.5 Hz, 7.0 Hz, 7.0 Hz, 1.0 
Hz), 5.12-5.13 (1H, m), 5.10 (1H, m), 2.79-2.80 (2H, m), 2.70 (1H, ddddd (app ddtd), J = 
8.5 Hz, 8.5 Hz, 6.5 Hz, 6.5 Hz, 2.5 Hz), 2.25 (2H, m), 2.10 (1H, d, J = 2.5 Hz); 13C NMR 
(125 MHz, CDCl3): δ 139.2, 135.5, 129.2 (apparent 2 C), 128.2 (apparent 2 C), 126.4, 
117.0, 86.6, 70.4, 40.5, 38.4, 33.3; IR (neat): 3300 (w), 3064 (m), 3028 (m), 2979 (m), 
2924 (m), 2858 (w), 1641 (m), 1604 (m), 1495 (m), 1441 (m), 915 (s), 698 (s), 632 (s) 
cm-1; HRMS-(ESI+) for C13H15 [M+H]: calculated: 171.1174, found: 171.1176. [α]22D = 
3.21 (c = 0.53, CDCl3). The crude reaction was purified on silica gel (pentane) to afford 
colorless oil. Rf = 0.21 (pentane; stain in PMA). !
!
Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.109.!
!
!
!
!
 390
Chiral SFC (OJ-H, Chiralpak, 215 nm, 3.0 mL/min, 1.5% i-PrOH, 100 bar, 35 °C) - 
analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !!!!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
!
 391
(S)-1-phenylbut-3-yn-2-yl acetate (Table 4.7, Entry 4 C). The 
crude reaction mixture was purified on silica gel (10:1 pentane: 
diethyl ether) to afford a clear, colorless oil. Rf = 0.7 (5:1 pentane: 
diethyl ether; stain in PMA). [α]22D = -7.97 (c = 1.33, CDCl3). 
Spectral data are in accordance with the literature.57!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.108.!
!
Chiral GLC (β-dex, Supelco, 100 °C for 10 min, ramp 3 °C/min to 160 °C for 10 min, 20 
psi) - analysis of title compound.!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
=====================================================================
Acq. Operator   : MEREDITH ENO                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 05-Jul-12, 15:17:44                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 7/5/2012 3:42:33 PM by MEREDITH ENO
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:47:56 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 100 deg C for 10 min, 3 deg/min to 150 for 10
                   min, 20 psi, sr = 35:1
                  
 
min28 28.2 28.4 28.6 28.8 29 29.2
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-I-303D-RAC.D
Sample Name: MSE-I-303D-RAC
Instrument 1 11/19/2012 5:48:06 PM Ryan Coombs Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 04-Oct-12, 15:56:11                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/4/2012 3:57:01 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:46:12 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 100 deg for 10 min, 3 deg/min to 160, 20 psi,
                   sr = 35:1
                  
 
min28 28.2 28.4 28.6 28.8 29 29.2
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-108-AC.D
Sample Name: MSE-II-108Ac
Instrument 1 11/19/2012 5:46:36 PM Ryan Coombs Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]     [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  28.392 BB    0.0471  436.78180  114.99051 38.95276
   2  28.718 BB    0.0499  684.52972  166.75691 61.04724
 
Totals :                  1121.31152  281.74742
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-108-AC.D
Sample Name: MSE-II-108Ac
Instrument 1 11/19/2012 5:46:36 PM Ryan Coombs Page 2 of 2
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  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
!
!
Kinetic resolution to give (S,E)-4-ethynyl-6,10-dimethylundeca-1,5,9-triene (Table 
4.7, Entry 5): The representative procedure was followed with (E)-5,9-dimethyldeca-4,8-
dien-1-yn-3-yl acetate with the following modification: the reaction was run for 1.5 hours 
at 0.5% catalyst loading on a 0.2 mmol scale.!
!
(S,E)-4-ethynyl-6,10-dimethylundeca-1,5,9-triene (Table 
4.7, Entry 5 A). The crude reaction mixture was purified on 
silica gel (20:1 pentane: diethyl ether) to afford a clear, pale 
yellow oil. Rf = 0.97 (20:1 pentane: diethyl ether, stain in KMNO4). [α]22D = 32.5 (c = 0.79, 
CHCl3). Spectral data are in accordance with that presented above in Section VI.B.4.!
!
!
!
!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 20-Oct-12, 09:37:45                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/20/2012 9:36:07 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:47:07 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 100 deg for 10 min, 3 deg/min to 160, 20 psi,
                   sr = 35:1
                  
 
min28 28.2 28.4 28.6 28.8 29 29.2
pA
0
20
40
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-108-AC-SPIKE.D
Sample Name: MSE-II-108-Ac-Spike
Instrument 1 11/19/2012 5:47:09 PM Ryan Coombs Page 1 of 2
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Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.109.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 1 °C/min to 140 °C for 40 min, 20 
psi) - analysis of title compound.!
!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 10-Oct-12, 09:02:58                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/10/2012 8:57:26 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:38:32 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 1 deg/min to 140 for 40 mi
                  n, post run 180 for 5 min, 20 psi, sr = 35:1
                  
 
min68.6 68.8 69 69.2 69.4 69.6 69.8 70
pA
5
10
15
20
25
 FID1 A,  (MIKE ARDOLINO\MJA-III-111RAC2.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-111RAC2.D
Sample Name: MJA-III-111rac2
Instrument 1 10/21/2012 11:38:34 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 12-Oct-12, 11:50:54                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/12/2012 11:49:22 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:38:58 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 1 deg/min to 140 for 40 mi
                  n, post run 180 for 5 min, 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-33PDT.D
Sample Name: MJA-V-33pdt
Instrument 1 10/21/2012 11:38:59 AM Mike Ardolino Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  69.048 MM    0.1661  621.52887   62.35764 81.76338
   2  69.580 MM    0.1646  138.62669   14.03614 18.23662
 
Totals :                   760.15556   76.39378
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-33PDT.D
Sample Name: MJA-V-33pdt
Instrument 1 10/21/2012 11:38:59 AM Mike Ardolino Page 2 of 2
=====================================================================
Acq. Operator   : Mike Ardolino              
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Oct-12, 09:09:55                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/19/2012 9:08:29 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHE 32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:39:23 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 1 deg/min to 140, 10 min ,
                   20 psi, sr = 35:1
                  
 
min68.6 68.8 69 69.2 69.4 69.6 69.8 70
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-33PDTSPIKE.D
Sample Name: MJA-V-33pdtspike
Instrument 1 10/21/2012 11:39:25 AM Mike Ardolino Page 1 of 2
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(S,E)-5,9-dimethyldeca-4,8-dien-1-yn-3-yl acetate 
(Table 4.7, Entry 5 C). The crude reaction mixture was 
purified on silica gel (20:1 pentane: diethyl ether) to afford 
a clear, pale yellow oil. Rf = 0.49 (20:1 pentane: diethyl ether, stain in KMNO4). [α]22D = 
15.5 (c = 1.12, CHCl3). Spectral data are in accordance with that presented above in 
Section VI.B.1.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.108.!
!
Chiral GLC (β-dex, Supelco, 80 °C for 10 min, ramp 1 °C/min to 160 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Oct-12, 11:01:29                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/19/2012 11:00:04 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:34:04 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 80 deg for 10 min, 1 deg/min to 160, 10 min ,
                   20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-JMT58RAC.D
Sample Name: MJA-V-JMT58rac
Instrument 1 10/21/2012 11:34:16 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 12-Oct-12, 16:51:42                  Inj :   1
                                           Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/12/2012 4:49:46 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:34:53 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 80 deg for 10 min, 1 deg/min to 160 for 20 mi
                  n, post run 180 for 5 min, 20 psi, sr = 35:1
                  
 
min67 67.2 67.4 67.6 67.8 68 68.2 68.4
pA
5
10
15
20
25
30
35
40
 FID1 A,  (MIKE ARDOLINO\MJA-V-33OAC.D)
  A
rea
: 1
06
.36
3
 6
7.
37
2
  A
rea
: 3
63
.75
3
 6
7.
73
7
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-33OAC.D
Sample Name: MJA-V-33oac
Instrument 1 10/21/2012 11:35:05 AM Mike Ardolino Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  67.372 MF    0.1552  106.36320   11.42260 22.62488
   2  67.737 FM    0.1532  363.75287   39.56961 77.37512
 
Totals :                   470.11607   50.99221
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-33OAC.D
Sample Name: MJA-V-33oac
Instrument 1 10/21/2012 11:35:05 AM Mike Ardolino Page 2 of 2
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  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
!
Kinetic resolution to give (S)-hex-5-en-1-yn-3-ylcyclohexane (Table 4.7, Entry 6): 
The representative procedure was followed with 1-cyclohexylprop-2-yn-1-yl acetate on a 
0.2 mmol scale.!
!
(S)-hex-5-en-1-yn-3-ylcyclohexane (Table 4.7, Entry 6 A). The crude 
reaction mixture was purified on silica gel (pentane) to afford a clear, 
colorless oil. Rf = 0.64 (5:1 hexane: ethyl acetate, stain in PMA). [α]22D 
= 6.16 (c = 0.31, CHCl3). Spectral data are in accordance with that 
presented above in Section VI.B.4.!
!
!
!
!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Oct-12, 12:47:02                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/19/2012 12:39:44 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:35:31 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 80 deg for 10 min, 1 deg/min to 160, 10 min ,
                   20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-33OACSPIKE.D
Sample Name: MJA-V-33oAcspike
Instrument 1 10/21/2012 11:35:33 AM Mike Ardolino Page 1 of 2
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Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.109.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 1 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 23-Oct-12, 12:23:28                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/23/2012 12:19:42 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/24/2012 5:40:40 PM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg C for 10 min, 1 deg/min to 140, for 10
                  , 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-127-RAC.D
Sample Name: MSE-II-127-RAC
Instrument 1 10/24/2012 5:40:46 PM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 23-Oct-12, 13:52:34                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/23/2012 1:32:01 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/15/2012 2:26:36 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 1 deg/min to 140, for 10
                  , 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-103E-2.D
Sample Name: MSE-II-103E-2
Instrument 1 11/15/2012 2:26:49 PM Ryan Coombs Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area  Height    Area 
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  50.703 MF    0.1627  109.49494   11.21545 89.98819
   2  51.186 FM    0.1586   12.18208    1.28046 10.01181
 
Totals :                   121.67702   12.49590
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-103E-2.D
Sample Name: MSE-II-103E-2
Instrument 1 11/15/2012 2:26:49 PM Ryan Coombs Page 2 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 23-Oct-12, 15:22:32                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/23/2012 3:19:24 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed   : 11/15/2012 2:26:36 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 1 deg/min to 140, for 10
                  , 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Sig al
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-103E-SPIKE.D
Sample Name: MSE-II-103E-spike
Instrument 1 11/15/2012 2:27:37 PM Ryan Coombs Page 1 of 2
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(S)-1-cyclohexylprop-2-yn-1-yl acetate (Table 4.7, Entry 6 C). The 
crude reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil. Rf = 0.51 (pentane, stain in PMA). [α]22D = -5.02 (c 
= 1.76, CHCl3). Spectral data are in accordance with the literature.58!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.108.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Nov-12, 16:42:11                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 11/19/2012 4:40:31 PM by Ryan Coombs
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:36:14 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg/min to 140 for 10
                   180 for 15 min. 20 psi, sr = 35:1
                  
 
min28.6 28.8 29 29.2 29.4 29.6 29.8 30
pA
10
20
30
40
50
 FID1 A,  (MEREDITH ENO\MSE-II-106-RAC.D)
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56
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-106-RAC.D
Sample Name: MSE-II-106-RAC
Instrument 1 11/19/2012 5:36:15 PM Ryan Coombs Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 26-Sep-12, 07:58:11                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 9/26/2012 7:50:31 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:37:34 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 140 for 10 mi
                  n, 20 psi, sr = 35:1
                  
 
min28.6 28.8 29 29.2 29.4 29.6 29.8 30
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 FID1 A,  (MEREDITH ENO\MSE-II-097-ACETATE.D)
  A
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-097-ACETATE.D
Sample Name: MSE-II-097-acetate
Instrument 1 11/19/2012 5:37:37 PM Ryan Coombs Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  29.105 MM    0.0675  515.00781  127.15060 38.15054
   2  29.523 BB    0.0573  834.92798  179.27284 61.84946
 
Totals :                  1349.93579  306.42345
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-097-ACETATE.D
Sample Name: MSE-II-097-acetate
Instrument 1 11/19/2012 5:37:37 PM Ryan Coombs Page 2 of 2
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  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
Kinetic resolution to give (S)-4-ethynylnon-1-ene (Table 4.7, Entry 7): The 
representative procedure was followed with oct-1-yn-3-yl acetate with the following 
modification: (S)-4.158 (0.75 mol %) was used on a 0.2 mmol scale.!
!
(S)-4-ethynylnon-1-ene (Table 4.7, Entry 7 A). The crude 
reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil. Rf = 0.71 (pentane, stain in PMA). Spectral 
data are in accordance with that presented above in Section VI.B.4.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by comparison 4.109.!
!
!
!
!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 20-Oct-12, 10:26:47                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/20/2012 10:23:32 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:38:07 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 140, for 10 m
                  in 20 psi, sr = 35:1
                  
 
min28.6 28.8 29 29.2 29.4 29.6 29.8 30
pA
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20
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60
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 FID1 A,  (MEREDITH ENO\MSE-II-097-AC-SPIKE.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-097-AC-SPIKE.D
Sample Name: MSE-II-097-Ac-Spike
Instrument 1 11/19/2012 5:38:10 PM Ryan Coombs Page 1 of 2
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Me
Chiral GLC (CD-BDM, Supelco, 40 °C for 30 min, ramp 0.25 °C/min to 50 °C for 10 min, 
20 psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
!
(R)-oct-1-yn-3-yl acetate (Table 4.7, Entry 7 C). The crude 
reaction mixture was purified on si l ica gel (10:1 
pentane:diethyl ether) to afford a clear, colorless oil. Rf = 0.60 
(10:1 pentane: diethyl ether, stain in PMA). Spectral data are in accordance with the 
literature.57!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by comparison to 4.108.!
!
=====================================================================
Acq. Operator   : Meredith                     
Acq. Instrument : Instrument 3                    Location :   -
Injection Date  : 22-Oct-12, 14:28:17                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\HPCHEM\1\METHODS\JADF.M
Last changed    : 10/22/2012 2:22:22 PM by Meredith
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SLEEP.M
Last changed    : 1/12/2013 10:31:59 AM by ying
                  (modified after loading)
Sample Info     : room325, inst3, CDB/DM,40 oC, for 30 min, 0.25 deg/min 
                  to 50 for 10min, 20 psi
                  
                  
                  
 
min50 52 54 56
pA
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15
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 FID1 A,  (MSE\MJA-III-129.D)
  A
rea
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1
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  52.910 MF    0.5569   92.63312    2.77246 49.75040
   2  55.211 FM    0.5921   93.56261    2.63372 50.24960
 
Data File C:\HPCHEM\1\DATA\MSE\MJA-III-129.D
Sample Name: MJA-III-129
Instrument 3 1/12/2013 10:32:01 AM ying Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 3                    Location :   -
Injection Date  : 16-Jan-13, 09:40:04                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\HPCHEM\1\METHODS\JADF.M
Last changed    : 1/16/2013 9:28:14 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SLEEP.M
Last changed    : 1/16/2013 11:16:32 AM by ying
                  (modified after loading)
Sample Info     : room325, inst3, CDB/DM, 40 deg C for 30 min, 0.25 deg/m
                  in to 50 dor 10 min , 15 psi,
                  
                  
                  
 
min50 52 54 56
Norm.
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=====================================================================
       Area Percent Report                        
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  52.644 MF    0.5080   80.14990    2.62966 11.91313
   2  54.404 FM    0.7952  592.63623   12.42084 88.08687
 
Data File C:\HPCHEM\1\DATA\MSE\MSE-II-148E.D
Sample Name: MSE-II-148E
Instrument 3 1/16/2013 11:16:35 AM ying Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 3                    Location :   -
Injection Date  : 16-Jan-13, 09:40:04                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\HPCHEM\1\METHODS\JADF.M
Last changed    : 1/16/2013 9:28:14 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\HPCHEM\1\METHODS\SLEEP.M
Last changed    : 1/16/2013 11:16:32 AM by ying
                  (modified after loading)
Sample Info     : room325, inst3, CDB/DM, 40 deg C for 30 min, 0.25 deg/m
                  in to 50 dor 10 min , 15 psi,
                  
                  
                  
 
min50 52 54 56
Norm.
10
12.5
15
17.5
20
22.5
25
27.5
30
32.5
 FID1 A,  (MSE\MSE-II-148E.D)
  A
rea
: 8
0.1
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9
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4
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: 5
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6
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40
4
 
=====================================================================
                         Area Percent Report                        
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  52.644 MF    0.5080   80.14990    2.62966 11.91313
   2  54.404 FM    0.7952  592.63623   12.42084 88.08687
 
Data File C:\HPCHEM\1\DATA\MSE\MSE-II-148E.D
Sample Name: MSE-II-148E
Instrument 3 1/16/2013 11:16:35 AM ying Page 1 of 2
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Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
!
Kinetic resolution to give (R)-hex-5-en-1-yn-3-ylbenzene (4.106, Table 4.8, Entry 1): 
The representative procedure was followed with 1-phenylprop-2-yn-1-yl acetate with the 
following modification: the reaction was run for 2 hours at 0.5% catalyst loading on a 0.2 
mmol scale.!
!
(R)-hex-5-en-1-yn-3-ylbenzene (4.106, Table 4.8, Entry 1 A). The 
crude reaction mixture was purified on silica gel (pentane) to afford a 
clear, colorless oil. Rf = 0.43 (pentane, stain in PMA). [α]22D = -15.2 (c = 
0.31, CHCl3). Spectral data are in accordance with the literature.67!
!
!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 11-Aug-12, 10:09:19                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 8/9/2012 7:55:51 AM by Meredith Eno
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/12/2013 11:29:45 AM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg C/min to 140 for 2
                  0 min. 20 psi, sr = 35:1
                  
 
min22.6 22.8 23 23.2 23.4 23.6 23.8 24
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-060START.D
Sample Name: MSE-II-060START
Instrument 1 1/12/2013 11:29:47 AM Chris Schuster Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 15-Jan-13, 16:21:08                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 1/15/2013 3:59:30 PM by Meredith Eno
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/15/2013 5:01:12 PM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg/min to 140, 10 min
                  , 20 psi, sr = 35:1
                  
 
min22.4 22.6 22.8 23 23.2 23.4 23.6 23.8 24
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 FID1 A,  (MEREDITH ENO\MSE-II_148-AC.D)
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II_148-AC.D
Sample Name: MSE-II-148-Ac
Instrument 1 1/15/2013 5:01:14 PM Chris Schuster Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area Height    Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  23.116 BB    0.0358  157.85902   59.36190 85.29798
   2  23.500 BB    0.0345   27.20868   0.41043 14.70202
 
Totals :                   185.06771   69.77234
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II_148-AC.D
Sample Name: MSE-II-148-Ac
Instrument 1 1/15/2013 5:01:14 PM Chris Schuster Page 2 of 2
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Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned as shown below.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 3 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                   Location : Vial 1
Injection Date  : 20-Oct-12, 12:17:49                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/20/2012 12:14:40 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:53:55 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg for 10 min, 3 deg/min to 140, for 10 m
                  in 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MJA-III-160.D
Sample Name: MJA-III-160
Instrument 1 11/19/2012 5:53:57 PM Ryan Coombs Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 23-Oct-12, 08:22:25                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/23/2012 8:21:41 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:50:03 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 3 deg/min to 140, for 20
                   20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-099-E.D
Sample Name: MSE-II-099-E
Instrument 1 11/19/2012 5:50:16 PM Ryan Coombs Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area  Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  32.416 MF    0.0727  526.60809  120.75000 84.98265
   2  32.640 FM    0.07 1   93.05730   21.80412 15.01735
 
Totals :                   619.66540  142.55412
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-099-E.D
Sample Name: MSE-II-099-E
Instrument 1 11/19/2012 5:50:16 PM Ryan Coombs Page 2 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                 Location : Vial 1
Injection Date  : 23-Oct-12, 10:39:10                  Inj :   1
                                       Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/23/2012 10:39:29 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:50:03 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info   : Beta-Dex, 60 deg C for 10 min, 3 deg/min to 140, for 20
                  , 20 psi, sr = 35:1
                  
 
min32 32.2 32.4 32.6 32.8 33
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-099E-SPIKE.D
Sample Name: MSE-I-099E-spike
Instrument 1 11/19/2012 5:50:43 PM Ryan Coombs Page 1 of 2
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Proof of Absolute Stereochemistry:!
! To determine the absolute stereochemistry, the title compound was compared by          
GLC analysis to authentic (S)-hex-5-en-1-yn-3-ylbenzene, prepared by the 
stereospecific enyne cross coupling as depicted below.!
!
  !
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 3 °C/min to 140 °C for 10 min, 20 
psi)- analysis of title compound.!
               !
                Title Compound                                   authentic (S)-hex-5-en-1-yn-3-ylbenzene!
!
(R)-1-phenylprop-2-yn-1-yl acetate (4.115, Table 4.8, Entry 1 C). 
The crude raction mixture was purified on silica gel (pentane) to afford 
a clear, colorless oil. Rf = 0.27 (25:1 hexane: ethyl acetate, stain in 
PMA). [α]22D = 2.18 (c = 0.45, CHCl3). Spectral data are in 
accordance with the literature.58!
O Me
O
B(pin)+
Pd2(dba)3 (1.25 mol %)
(R)-MeO(furyl)BIPHEP (2.5 mol %)
CsF (3 equiv.)
THF, 60 oC, 14 h
1.2 equiv.
(98:2 e.r.)
(98:2 e.r.)=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 23-Oct-12, 08:22:25                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/23/2012 8:21:41 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:50:03 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 3 deg/min to 140, for 20
                   20 psi, sr = 35:1
                  
 
min32 32.2 32.4 32.6 32.8 33
pA
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20
40
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80
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 FID1 A,  (MEREDITH ENO\MSE-II-099-E.D)
  A
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-099-E.D
Sample Name: MSE-II-099-E
Instrument 1 11/19/2012 5:50:16 PM Ryan Coombs Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 20-Oct-12, 14:30:10                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/20/2012 2:27:58 PM by Scott Mlynarski
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:51:51 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 3 deg/min to 140 for 10 
                  ,  20 psi, sr = 35:1
                  
 
min32 32.2 32.4 32.6 32.8 33
pA
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 FID1 A,  (MEREDITH ENO\MJA-III-160-2.D)
  A
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MJA-III-160-2.D
Sample Name: MSE-II-160-2
Instrument 1 11/19/2012 5:52:13 PM Ryan Coombs Page 1 of 2
 403
O Me
O
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned as shown below.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 3 °C/min to 140 °C for 20 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 16-Jan-13, 08:43:03                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 1/16/2013 8:41:05 AM by Meredith Eno
                  (modified fter loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/16/2013 9:41:36 AM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 3 deg/min to 140, 20 min
                  , 20 psi, sr = 35:1
                  
 
min38 38.2 38.4 38.6 38.8 39 39.2 39.4 39.6 39.8
pA
0
20
40
60
80
 FID1 A,  (MEREDITH ENO\MSE-II-068RAC.D)
 3
8.
70
8
 3
9.
35
5
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-068RAC.D
Sample Name: MSE-II-068rac
Instrument 1 1/16/2013 9:41:41 AM Chris Schuster Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 22-Oct-12, 16:26:36                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/22/2012 4:19:58 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:55:22 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 3 deg/min to 140, for 20
                   20 psi, sr = 35:1
                  
 
min38 38.2 38.4 38.6 38.8 39 39.2 39.4 39.6 39.8
pA
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10
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20
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 FID1 A,  (MEREDITH ENO\MSE-II-099-AC.D)
 3
8.
71
6
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-099-AC.D
Sample Name: MSE-II-099-Ac
Instrument 1 11/19/2012 5:55:26 PM Ryan Coombs Page 1 of 2
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area Height     Area  
  #   [min]        [min]  [pA*s]     [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  38.716 BB    0.0548   19.52114    4.33718 11.65692
   2  39.382 BB    0.0573  147.94279   31.80352 88.34308
 
Totals :                   167.46393   36.14071
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-099-AC.D
Sample Name: MSE-II-099-Ac
Instrument 1 11/19/2012 5:55:26 PM Ryan Coombs Page 2 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 22-Oct-12, 17:30:28                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/22/2012 5:27:12 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:55:49 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 3 deg/min to 140, for 20
                   20 psi, sr = 35:1
                  
 
min38 38.2 38.4 38.6 38.8 39 39.2 39.4 39.6 39.8
pA
0
20
40
60
80
 FID1 A,  (MEREDITH ENO\MSE-II-099-AC-SPIKE.D)
 3
8.
70
4
 3
9.
36
4
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-099-AC-SPIKE.D
Sample Name: MSE-II-099-Ac-spike
Instrument 1 11/19/2012 5:55:51 PM Ryan Coombs Page 1 of 2
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Proof of Absolute Stereochemistry:!
! To determine the absolute stereochemistry, the optical rotation of the title          
compound  [[α]22D = 2.18 (c = 0.45, CHCl3), 88:11 e.r.] was compared to authentic (R)-1-
phenylprop-2-yn-1-yl acetate prepared from commercially available (R)-1-phenylprop-2-
yn-1-ol as shown below [[α]22D = 4.85 (c = 0.915, CHCl3), 98:2 e.r.]!
!
  !
!
Kinetic resolution to give (R)-1-(hex-5-en-1-yn-3-yl)-4-methylbenzene (Table 4.8, 
Entry 2): The representative procedure was followed with 1-(p-tolyl)prop-2-yn-1-yl 
acetate with the following modification: the reaction was run for 2 hours at 0.5% catalyst 
loading on a 0.2 mmol scale.!
!
(R)-1-(hex-5-en-1-yn-3-yl)-4-methylbenzene (Table 4.8, Entry 2 
A). 1H NMR (500 MHz, CDCl3): δ 7.25 (2H, ddd, J = 8.0 Hz, 2.0 
Hz, 2.0 Hz), 7.14 (2H, d, J = 8.0 Hz), 5.85 (1H, dddd (app ddt), J = 
17.0 Hz, 10.0 Hz, 6.5 Hz, 6.5 Hz), 5.09 (1H, ddd, J = 1.5 Hz, 1.5 
Hz, 1.5 Hz), 5.04 - 5.07 (1H, m), 3.69 (1H, ddd (app dt), J = 7.0 Hz, 7.0 Hz, 2.5 Hz), 2.50 
(2H, dddd (app ddt), J = 6.5 Hz, 6.5 Hz, 2.5 Hz, 1.5 Hz), 2.33 (3H, s), 2.28 (1H, d, J = 
2.5); 13C NMR (125 MHz, CDCl3): δ 137.8, 136.5, 135.3, 129.2 (apparent 2 C), 127.3 
(apparent 2 C), 117.1, 85.6, 71.2, 42.4, 37.3, 21.1; IR (neat): 3299 (w), 3051(m), 3007 
(m), 2923 (w), 2857 (m), 1513 (m), 1022 (m), 915 (m), 813 (m), 634 (s) cm-1; HRMS-(ESI
O Me
O
(98:2 e.r.)
Ac2O, DMAP, TEA
DCM, 0 oC to rt
OH
(98:2 e.r.)
 405
Me
+) for C13H15 [M+H]: calculated: 171.1174, found: 171.1179. [α]22D = -59.989 (c = 0.05, 
CHCl3). The crude reaction was purified on silica gel (pentane) to afford a clear, 
colorless oil. Rf = 0.23 (pentane; stain in PMA).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.106.!
!
Chiral SFC (OJ-H, Chiralpak, 215 nm, 3.0 mL/min, 1% 1:1 i-PrOH:Hexanes, 100 bar, 35 
°C) - analysis of title compound.!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
 406
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
(R)-1-(p-tolyl)prop-2-yn-1-yl acetate (Table 4.8, Entry 2 C). 
The crude reaction mixture was purified on silica gel (10:1 
pentane: diethyl ether) to afford a clear, colorless oil. Rf = 0.26 
(25:1 hexane: ethyl acetate; stain in PMA). [α]22D = 26.2 (c = 
0.11, CHCl3). Spectral data are in accordance with the literature.57!
!
Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.115.!
!
!
!
!
!
!
 407
O Me
O
Me
Chiral SFC (OJ-H, Chiralpak, 215 nm, 3.0 mL/min, 3% i-PrOH, 100 bar, 35 °C) - analysis 
of title compound.!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
 408
Kinetic resolution to give (R)-1-(hex-5-en-1-yn-3-yl)-4-methoxybenzene (Table 4.8, 
Entry 3): The representative procedure was followed with 1-(4-methoxyphenyl)prop-2-
yn-1-yl acetate with the following modification: the reaction was run for 1 hour at 0.5% 
catalyst loading on a 0.2 mmol scale.!
!
(R)-1-(hex-5-en-1-yn-3-yl)-4-methoxybenzene (Table 4.8, 
Entry 3 A). The crude reaction mixture was purified on silica gel 
(10:1 pentane: diethyl ether) to afford a clear, colorless oil. Rf = 
0.86 (10:1 pentane: diethyl ether, stain in KMNO4). [α]22D = 13.9 
(c = 0.73, CHCl3). Spectral data are in accordance with that presented above in Section 
VI.B.4.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.106.!
!
!
!
!
!
!
!
!
 409
MeO
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 1 °C/min to 160 °C for 20 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
(R)-1-(4-methoxyphenyl)prop-2-yn-1-yl acetate (Table 4.8, 
Entry 3 C). The crude reaction mixture was purified on silica gel 
(10:1 pentane: diethyl ether) to afford a clear, colorless oil. Rf = 
0.39 (10:1 pentane: diethyl ether, stain in KMNO4). [α]22D = 20.3 
=====================================================================
                             Run Logbook
=====================================================================
Method       Method started                                 14:37:28 10/18/12
Method       Instrument remote started (front)              14:37:28 10/18/12
Method       Saving Method ACQ.M                            16:37:28 10/18/12
CP Macro     Analyzing rawdata MJA-III-155RAC2.D            16:37:29 10/18/12
Method       Instrument run completed                       16:42:06 10/18/12
Method       Saving Method DA.M                             16:42:06 10/18/12
Method       Method completed                               16:42:06 10/18/12
=====================================================================
min89 89.2 89.4 89.6 89.8 90 90.2
pA
5
10
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25
 FID1 A,  (MIKE ARDOLINO\MJA-III-155RAC2.D)
  A
rea
: 2
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.71
3
 8
9.
33
9
  A
rea
: 2
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 8
9.
79
0
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  89.339 MM    0.1573  239.71318   25.40597 50.22805
   2  89.790 MM    0.1608  237.53645   24.62137 49.77195
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-155RAC2.D
Sample Name: MJA-II-155rac2
Instrument 1 10/21/2012 11:22:00 AM Mike Ardolino Page 3 of 4
=====================================================================
                             Run Logbook
=====================================================================
Method       Method started                                 16:46:48 10/18/12
Method       Instrument remote started (front)              16:46:48 10/18/12
Method       Saving Method ACQ.M                            18:46:49 10/18/12
CP Macro     Analyzing rawdata MJA-V-13PDT.D                18:46:49 10/18/12
Method       Instrument run completed                       18:50:45 10/18/12
Method       Saving Method DA.M                             18:50:45 10/18/12
Method       Method completed                               18:50:46 10/18/12
=====================================================================
min89 89.2 89.4 89.6 89.8 90 90.2
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  89.371 MM    0.1571  244.12610   25.89414 81.90742
   2  89.821 MM    0.1491   53.92517    6.02781 18.09258
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-13PDT.D
Sample Name: MJA-V-13pdt
Instrument 1 10/21/2012 11:22:31 AM Mike Ardolino Page 3 of 4
=====================================================================
                             Run Logbook
=====================================================================
Method       Method started                                 16:46:48 10/18/12
Method       Instrument remote started (front)              16:46:48 10/18/12
Method       Saving Method ACQ.M                            18:46:49 10/18/12
CP Macro     Analyzing rawdata MJA-V-13PDT.D                18:46:49 10/18/12
Method       Instrument run completed                       18:50:45 10/18/12
Method       Saving Method DA.M                             18:50:45 10/18/12
Method       Method completed                               18:50:46 10/18/12
=====================================================================
min89 89.2 89.4 89.6 89.8 90 90.2
pA
5
10
15
20
25
 FID1 A,  (MIKE ARDOLINO\MJA-V-13PDT.D)
  A
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]     [pA]       %
----|-------|----|-------|----------|----------|--------|
   1  89.371 MM    0.1571  244.12610   25.89414 81.90742
   2  89.821 MM    0.1491   53.92517   6.02781 18.09258
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-13PDT.D
Sample Name: MJA-V-13pdt
Instrument 1 10/21/2012 11:22:31 AM Mike Ardolino Page 3 of 4
=====================================================================
                             Run Logbook
================================================ ==== ==
Method       Method started                         07:04:31 10/19/12
Method       Instrument remote started (front)              07:04:31 10/19/12
6850      1 Post run setpt:Time 5.00 at runtime 79.11      08:49:17 10/19/12
6850       1 ... runtime 79.11                              08:49:17 10/19/12
6850       1 Oven temp setpt:Final time 1 10.00 at     ...  08:49:17 10/19/12
6850       1 ... runtime 79.11                              08:49:17 10/19/12
6850       1 Column setpt:Post pres 20.0 psi at        ...  08:49:17 10/19/12
6850       1 ... 79.11                                      08:49:18 10/19/12
6850       1 Not ready:Inlet pres 20.0 psi at runtime  ...  08:49:18 10/19/12
Method       Saving Method ACQ.M                            08:49:18 10/19/12
6850       1 Not ready:Inlet flow 51.9 at runtime 79.11     08:49:18 10/19/12
CP Macro     Analyzing rawdata MJA-V-13PDTSPIKE.D         08:49:18 10/19/12
Method       Instrument run completed                       08:54:19 10/19/12
Method       Saving Method DA.M                            08:54:19 10/19/12
Method       Method completed                               08:54:20 10/19/12
=====================================================================
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-13PDTSPIKE.D
Sample Name: MJA-V-13pdtspike
Instrument 1 10/21/2012 11:22:57 AM Mike Ardolino Page 3 of 4
 410
O Me
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(c = 0.92, CHCl3). Spectral data are in accordance with that presented above in Section 
VI.B.1.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.115.!
!
Chiral GLC (β-dex, Supelco, 40 °C for 10 min, ramp 2.5 °C/min to 160 °C for 20 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
=====================================================================
                             Run Logbook
=====================================================================
Method       Method started                                 11:15:21 10/18/12
Method       Instrument remote started (front)              11:15:21 10/18/12
6850       1 ... runtim  69.44                             12:25:36 10/18/12
6850       1 Oven temp setpt:Final time 1 13.00 at     ...  12:25:36 10/18/12
6850       1 ... runtime 69.44                              12:25:36 10/18/12
6850       1 Column setpt:Post pres 20.0 psi at        ...  12:25:36 10/18/12
6850       1 ... 69.44                                      12:25:36 10/18/12
6850       1 Not ready:Inlet pres 20.0 psi at runtime  ...  12:25:36 10/18/12
6850       1 Not ready:Inlet flow 46.2 at runtime 69.44     12:25:37 10/18/12
6850       1 Post run setpt:Time 5.00 at runtime 69.68      12:25:37 10/18/12
Method       Saving Method ACQ.M                            12:25:37 10/18/12
6850       1 ... runtime 69.68                              12:25:37 10/18/12
6850       1 Column setpt:Post pres 20.0 psi at        ...  12:25:37 10/18/12
6850       1 ... 69.68                                      12:25:37 10/18/12
6850       1 Not ready:Inlet pres 20.0 psi at runtime  ...  12:25:37 10/18/12
CP Macro     Analyzing rawdata MJA-IV-165RAC2.D             12:25:37 10/18/12
6850       1 Not ready:Inlet flow 46.1 at runtime 69.68     12:25:37 10/18/12
Method       Instrument run completed                       12:30:38 10/18/12
Method       Saving Method DA.M                             12:30:38 10/18/12
Method       Method completed                               12:30:39 10/18/12
=====================================================================
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Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-165RAC2.D
Sample Name: MJA-IV-165rac2
Instrument 1 10/21/2012 11:10:27 AM Mike Ardolino Page 3 of 4
=====================================================================
                             Run Logbook
=====================================================================
Method       Method started                                 08:34:25 10/18/12
Method       Instrument remote started (front)              08:34:25 10/18/12
Method       Saving Method ACQ.M                            09:52:25 10/18/12
CP Macro     Analyzing rawdata MJA-V-13PLUG2.D              09:52:25 10/18/12
Method       Instrument run completed                       10:07:26 10/18/12
Method       Saving Method DA.M                             10:07:27 10/18/12
Method       Method completed                               10:07:27 10/18/12
=====================================================================
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  67.514 MM    0.1357   69.30232    8.51125 18.69166
   2  68.155 MM    0.1332  301.46375   37.73237 81.30834
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-13PLUG2.D
Sample Name: MJA-V-13plug2
Instrument 1 10/21/2012 11:11:06 AM Mike Ardolino Page 3 of 4
=====================================================================
                             Run Logbook
=====================================================================
Method       Method started                                 08:34:25 10/18/12
Method       Instrument remote started (front)              08:34:25 10/18/12
Method       Saving Method ACQ.M                            09:52:25 10/18/12
CP Macro     Analyzing rawdata MJA-V-13PLUG2.D              09:52:25 10/18/12
Method       Instrument run completed                       10:07:26 10/18/12
Method       Saving Method DA.M                             10:07:27 10/18/12
Method       Method completed                               10:07:27 10/18/12
=====================================================================
min67 67.2 67.4 67.6 67.8 68 68.2 68.4 68.6 68.8
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area Height     Area  
  #   [min]        [min]   [pA*s]    [pA]       %
----|-------|----|-------|----------|----------|--------|
   1  67.514 MM    0.1357   69.30232    8.51125 18.69166
   2  68.155 MM    0.1332  301.46375   37.73237 81.30834
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-13PLUG2.D
Sample Name: MJA-V-13plug2
Instrument 1 10/21/2012 11:11:06 AM Mike Ardolino Page 3 of 4
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  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
Kinetic resolution to give (R)-1-chloro-4-(hex-5-en-1-yn-3-yl)benzene (Table 4.8, 
Entry 4): The representative procedure was followed with 1-(4-chlorophenyl)prop-2-
yn-1-yl acetate with the following modification: the reaction was run for 2 hours at 0.5% 
catalyst loading on a 0.2 mmol scale.!
!
(R)-1-chloro-4-(hex-5-en-1-yn-3-yl)benzene (Table 4.8, Entry 4 
A). The crude reaction mixture was purified on silica gel (pentane) 
to afford a clear, colorless oil. Rf = 0.37 (pentane, stain in PMA). 
[α]22D = -5.65 (c = 0.60, CHCl3). Spectral data are in accordance 
with that presented above in Section VI.B.4.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.106.!
!
=====================================================================
                             Run Logbook
=====================================================================
Method       Method started                                 12:43:11 10/18/12
Method       Instrument remote started (front)              12:43:11 10/18/12
6850       1 Post run setpt:Time 15.00 at runtime 0.53      14:01:11 10/18/12
6850       1 ... runtime 0.53                               14:01:11 10/18/12
6850       1 Oven temp setpt:Final time 1 20.00 at     ...  14:01:11 10/18/12
6850       1 ... runtime 0.53                               14:01:12 10/18/12
6850       1 Column setpt:Post pres 20.0 psi at        ...  14:01:12 10/18/12
6850       1 ... 0.53                                       14:01:12 10/18/12
6850       1 Not ready:Inlet pres 20.0 psi at runtime  ...  14:01:12 10/18/12
6850       1 Not ready:Inlet flow 77.7 at runtime 0.53      14:01:12 10/18/12
Method       Saving Method ACQ.M                            14:01:12 10/18/12
CP Macro     Analyzing rawdata MJA-V-13OACSPIKE.D           14:01:12 10/18/12
Method       Instrument run completed                       14:16:12 10/18/12
Method       Saving Method DA.M                             14:16:13 10/18/12
Method       Method completed                               14:16:13 10/18/12
=====================================================================
min67 67.2 67.4 67.6 67.8 68 68.2 68.4 68.6 68.8
pA
10
20
30
40
50
 FID1 A,  (MIKE ARDOLINO\MJA-V-13OACSPIKE.D)
  A
rea
: 2
04
.98
4
 6
7.
52
7
  A
rea
: 4
49
.27
2
 6
8.
17
9
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-13OACSPIKE.D
Sample Name: MJA-V-13oAcspike
Instrument 1 10/21/2012 11:11:33 AM Mike Ardolino Page 3 of 4
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Cl
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 2 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
!
!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 25-Oct-12, 10:47:36                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/25/2012 10:43:50 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/15/2012 2:05:34 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 2 deg/min to 140, for 10
                  , 20 psi, sr = 35:1
                  
 
min52 52.5 53 53.5 54 54.5
pA
5
10
15
20
25
30
35
40
45
 FID1 A,  (MEREDITH ENO\MSE-II-126-RAC.D)
 5
3.
11
0
 5
3.
72
0
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-126-RAC.D
Sample Name: MSE-II-126-RAC
Instrument 1 11/15/2012 2:05:36 PM Ryan Coombs Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 25-Oct-12, 13:45:18                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/25/2012 1:41:59 PM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/15/2012 2:09:18 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 2 deg/min to 140, for 10
                  , 20 psi, sr = 35:1
                  
 
min52 52.5 53 53.5 54 54.5
pA
0
20
40
60
80
100
120
140
160
 FID1 A,  (MEREDITH ENO\MSE-II-090E.D)
 5
2.
99
6
 5
3.
70
2
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-090E.D
Sample Name: MSE-II-090E
Instrument 1 11/15/2012 2:09:28 PM Ryan Coombs Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]     [pA]        %
----|-------|----|-------|----------|----------|--------|
   1  52.996 BB    0.1041 1385.26355  159.45381 81.93271
   2  53.702 BB    0.0887  305.46964   40.77204 18.06729
 
Totals :                  1690.73318  200.22585
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-090E.D
Sample Name: MSE-II-090E
Instrument 1 11/15/2012 2:09:28 PM Ryan Coombs Page 2 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 25-Oct-12, 15:07:18                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/25/2012 3:00:35 PM by Meredith Eno
                 (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/15/2012 2:09:18 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 2 deg/min to 140, for 10
                  , 20 psi, sr = 35:1
                  
 
min52 52.5 53 53.5 54 54.5
pA
0
20
40
60
80
100
 FID1 A,  (MEREDITH ENO\MSE-II-090E-SPIKE.D)
 5
3.
03
6
 5
3.
69
3
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-090E-SPIKE.D
Sample Name: MSE-II-090E-spike
Instrument 1 11/15/2012 2:10:06 PM Ryan Coombs Page 1 of 2
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(R)-1-(4-chlorophenyl)prop-2-yn-1-yl acetate (Table 4.8, Entry 
4 C). The crude reaction mixture was purified on silica gel (10:1 
pentane:diethyl either) to afford a clear, colorless oil. Rf = 0.32 
(10:1 hexane: ethyl acetate, stain in PMA). [α]22D = 9.83 (c = 1.22, 
CHCl3). Spectral data are in accordance with the literature.57!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.115.!
!
Chiral GLC (β-dex, Supelco, 100 °C for 10 min, ramp 3 °C/min to 160 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 31-Jul-12, 14:25:43                  Inj :   1
                                               Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 7/31/2012 2:23:36 PM by Grace Ferris
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/15/2012 2:18:14 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 100 deg 10 min, ramp 3 deg/min to 160. 20 psi
                  , sr = 35:1
                  
 
min32.8 33 33.2 33.4 33.6 33.8 34 34.2 34.4
pA
0
50
100
150
200
250
300
 FID1 A,  (MEREDITH ENO\MSE-II-033-RAC.D)
 3
3.
42
4
 3
3.
85
3
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-033-RAC.D
Sample Name: MSE-II-033-RAC
Instrument 1 11/15/2012 2:18:17 PM Ryan Coombs Page 1 of 2
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 18-Sep-12, 08:39:49                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 9/18/2012 8:24:28 AM by Meredith Eno
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/15/2012 2:19:01 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 100 deg, 10 min, 3 deg/min to 160 for 10 min,
                   20 psi, sr = 35:1
                  
 
min32.8 33 33.2 33.4 33.6 33.8 34 34.2 34.4
pA
0
50
100
150
200
250
300
350
 FID1 A,  (MEREDITH ENO\MSE-II-090-ACETATE.D)
  A
rea
: 8
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6
 3
3.
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  A
rea
: 2
29
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4
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-090-ACETATE.D
Sample Name: MSE-II-090-acetate
Instrument 1 11/15/2012 2:19:15 PM Ryan Coombs Page 1 of 2
Signal 1: FID1 A, 
 
Peak RetTime Type  Width    Area Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  33.397 MM    0.0885  862.68561  162.41209 27.35757
   2  33.844 MM    0.106  2290.68481  359.74545 72.64243
 
Totals :                  3153.37042  522.15755
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-090-ACETATE.D
Sample Name: MSE-II-090-acetate
Instrument 1 11/15/2012 2:19:15 PM Ryan Coombs Page 2 of 2
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  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
Kinetic resolution to give (R)-5-(hex-5-en-1-yn-3-yl)benzo[d][1,3]dioxole (Table 4.8, 
Entry 5): The representative procedure was followed with 1-(benzo[d][1,3]dioxol-5-
yl)prop-2-yn-1-yl acetate with the following modification: the reaction was run for 2 hours 
at 0.5% catalyst loading on a 0.2 mmol scale.!
!
(R)-5-(hex-5-en-1-yn-3-yl)benzo[d][1,3]dioxole (Table 4.8, Entry 
5 A). 1H NMR (500 MHz, CDCl3): δ 6.87 (1H, d, J = 2.0 Hz), 6.80 
(1H, dd, J = 8.0 Hz, 2.0 Hz), 6.75 (1H, d, J = 8.0 Hz), 5.94 (2H, dd, 
J = 2.0 Hz, 2.0 Hz), 5.83 (1H, dddd (app ddt), J = 17.0 Hz, 10.5 Hz, 
7.0 Hz, 7.0 Hz), 5.07-5.09 (1H, m), 5.04-5.06 (1H, m), 3.32 (1H, ddd (app dt), J =7.0 Hz, 
7.0 Hz, 2.5 Hz), 2.46-4.50 (2H, m), 2.94 (1H, d, J = 2.5 Hz) ; 13C NMR (125 MHz, 
CDCl3): δ 147.7, 146.4, 135.0, 134.6, 120.5, 117.2, 108.1, 107.9, 101.0, 85.4, 71.3, 42.5, 
37.4; IR (neat): 3293 (m), 3077 (w), 2979 (w), 2895 (m), 1485 (m), 2439 (s), 1245 (s), 
918 (m), 634 (s) cm-1; HRMS-(ESI+) for C13H13O2 [M+H]: calculated: 200.0837, found: 
200.0837. [α]22D = 28.3 (c = 0.37, CHCl3). The crude reaction was purified on silica gel 
(60:1 pentane:diethyl ether) to afford a clear, colorless oil. Rf = 0.10 (pentane; stain in 
PMA).!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 20-Oct-12, 08:42:32                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 10/20/2012 8:40:07 AM by Scott Mlynarski
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/15/2012 2:19:01 PM by Ryan Coombs
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 100 deg for 10 min, 3 deg/min to 160 for 10 m
                  in, 20 psi, sr = 35:1
                  
 
min32.8 33 33.2 33.4 33.6 33.8 34 34.2 34.4
pA
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 FID1 A,  (MEREDITH ENO\MSE-II-090-AC-SPIKE.D)
  A
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-090-AC-SPIKE.D
Sample Name: MSE-II-090-Ac-Spike
Instrument 1 11/15/2012 2:21:10 PM Ryan Coombs Page 1 of 2
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O
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Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.106.!
!
Chiral SFC (AD-H, Chiralpak, 215 nm, 3.0 mL/min, 3% i-PrOH, 100 bar, 35 °C) - analysis 
of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
 416
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
(R)-1-(benzo[d][1,3]dioxol-5-yl)prop-2-yn-1-yl acetate (Table 
4.8, Entry 5 C). The crude reaction was purified on silica gel 
(10:1 pentane:diethyl ether) to afford a white solid. Rf = 0.14 
(20:1 hexane: ethyl acetate; stain in PMA). [α]22D = 3.74 (c = 
0.38, CHCl3). Spectral data are in accordance with the literature.58!
!
Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.115.!
!
!
!
!
 417
O Me
O
O
O
Chiral SFC (OJ-H, Chiralpak, 215 nm, 3.0 mL/min, 3% i-PrOH, 100 bar, 35 °C) - analysis 
of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
 418
Kinetic resolution to give (R)-tert-butyl 3-(hex-5-en-1-yn-3-yl)-1H-indole-1-
carboxylate (Table 4.8, Entry 6): The representative procedure was followed with tert-
butyl 3-(1-acetoxyprop-2-yn-1-yl)-1H-indole-1-carboxylate with the following modification: 
the reaction was run for 1 hour at 0.5% catalyst loading on a 0.2 mmol scale.!
!
(R)-tert-butyl 3-(hex-5-en-1-yn-3-yl)-1H-indole-1-carboxylate 
(Table 4.8, Entry 6 A). The crude reaction mixture was purified on 
silica gel (10:1 pentane:diethyl either) to afford a clear, colorless oil. 
Rf = 0.93 (10:1 pentane:diethyl either, stain in KMNO4). [α]22D = 
-4.11 (c = 0.73, CHCl3). Spectral data are in accordance with that presented above in 
Section VI.B.4.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.106.!
!
!
!
!
!
!
!
!
!
 419
N
Boc
Chiral SFC (OJ-H, Chiralpak, 215 nm, 3.0 mL/min, 1% 1:1 i-PrOH:Hexanes, 100 bar, 35 
°C) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
!
     !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
 420
(R)-tert-butyl 3-(1-acetoxyprop-2-yn-1-yl)-1H-indole-1-
carboxylate (Table 4.8, Entry 6 B). The crude reaction mixture 
was purified on silica gel (10:1 pentane:diethyl either) to afford a 
clear, colorless oil. Rf = 0.35 (10:1 pentane:diethyl either, stain in 
KMNO4). [α]22D = -2.35 (c = 1.15, CHCl3). Spectral data are in accordance with that 
presented above in Section VI.B.1.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.115.!
!
Chiral SFC (OJ-H, Chiralpak, 215 nm, 3.0 mL/min, 1% 1:1 i-PrOH:Hexanes, 100 bar, 35 
°C) - analysis of title compound.!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
 421
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  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
!
5. Gram-Scale Resolution (Scheme 4.7, eq 46)!
!
  !
!
! An oven-dried 100-mL airfree pressure vessel equipped with a magnetic stir bar          
was charged successively with [(R)-(+)-2,2'-Bis(di-2-furanylphosphino)-6,6'-
dimethoxy-1,1'-biphenyl]palladium(II) dichloride (32.1 mg, 44.6 μmol), THF (11.9 mL), 
oct-1-yn-3-yl acetate (1.00 g, 5.95 mmol), allylboronic acid pinacol ester (500 mg, 2.97 
mmol), and cesium fluoride (2.71 g, 17.8 mmol) in a dry-box under argon atmosphere. 
The vessel was sealed, removed from the dry-box, and heated to 60 °C while allowing to 
stir for 8 h. After this time, the reaction mixture was diluted with diethyl ether, filtered 
through a plug of silica gel and concentrated in vacuo.!
n-pent
O Me
O
B(pin)
+
(R)-4.158 (0.75 mol %)
CsF (3 equiv.)
THF, 60 oC, 8 h
n-pent0.5 equiv.
n-pent
O Me
O
+
1.0 gram
 422
! The crude reaction mixture was purified on a silica gel with a solvent gradient from          
20:1 to 10:1 pentane:diethyl ether and the enyne product and recovered propargyl 
acetate were collected separately:!
!
Enyne Product: clear colorless oil, 373 mg (93% yield based on 46% conversion) 89:11 
e.r.!
!
Recovered Acetate: Pale yellow oil, 391 mg (73% recovery based on 46% conversion) 
82:18 e.r.; the s value was calculated to be 15.5 at the calculated 46% conversion.!
!
6. Kinetic Resolution to Give (R)-4-ethynyl-2-methylnon-1-ene (Scheme 4.27, eq 
47):!
!
  !
!
! An oven-dried 2-Dram vial equipped with a magnetic stir bar was charged          
successively with [(R)-(+)-2,2'-Bis(di-2-furanylphosphino)-6,6'-dimethoxy-1,1'-
biphenyl]palladium(II) dichloride (0.7 mg, 1 μmol), THF (0.4 mL), oct-1-yn-3-yl acetate 
(33.6 mg, 0.200 mmol), 2-methallylboronic acid pinacol ester (21.8 mg, 0.120 mmol), 
and cesium fluoride (91.9 mg, 0.600 mmol) in a dry-box under argon atmosphere. The 
vial was sealed, removed from the dry-box, and heated to 60 °C while allowing to stir for 
12 h. After this time, the reaction mixture was diluted with diethyl ether, filtered through a 
plug of silica gel and concentrated in vacuo.!
n-pent
O Me
O
B(pin)+
(R)-4.158 (0.5 mol %)
CsF (3 equiv.)
THF, 60 oC, 12 h n-pent0.6 equiv. n-pent
O Me
O
+
Me Me
 423
(R)-4-ethynyl-2-methylnon-1-ene (Compound 4.114): The 
crude reaction mixture was purified on silica gel (20:1 
pentane:diethyl ether) to afford a clear, colorless oil. Rf = 0.95 
(20:1 pentane:diethyl ether, stain in KMNO4). Spectral data are in accordance with that 
presented above in Section VI.B.4.!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product. The absolute stereochemistry was assigned by analogy to 4.109. 
Note: The enantiomer ratios values presented in the report are an average of two runs.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 1 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Oct-12, 08:52:08                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/17/2012 8:50:29 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:44:28 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 1 deg/min to 140, 10 min ,
                   20 psi, sr = 35:1
                  
 
min34.6 34.8 35 35.2 35.4 35.6 35.8 36 36.2 36.4
pA
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 FID1 A,  (MIKE ARDOLINO\MJA-III-117RAC.D)
  A
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6
  A
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: 1
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5.
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0
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-III-117RAC.D
Sample Name: MJA-III-117rac.D
Instrument 1 10/21/2012 11:44:30 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Oct-12, 09:56:06                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/17/2012 9:37:26 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:44:55 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 1 deg/min to 140, 10 min ,
                   20 psi, sr = 35:1
                  
 
min34.6 34.8 35 35.2 35.4 35.6 35.8 36 36.2 36.4
pA
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 FID1 A,  (MIKE ARDOLINO\MJA-V-25PDT.D)
  A
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7
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-25PDT.D
Sample Name: MJA-V-25pdt.D
Instrument 1 10/21/2012 11:44:57 AM Mike Ardolino Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area Height     Area  
  #   [min]        [min]   [pA*s]     [pA]        %
----|-------|----|-------|----------|----------|--------|
   1  35.200 MM    0.1606  208.26378   21.60966 82.51483
   2  35.687 MM    0.1594   44.13179    4.61521 17.48517
 
Totals :                   252.39557   26.22487
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-25PDT.D
Sample Name: MJA-V-25pdt.D
Instrument 1 10/21/2012 11:44:57 AM Mike Ardolino Page 2 of 2
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Me
Me
  !
Co-Injection of Racemic and !
Enantioenriched Samples!!
Recovered (S)-oct-1-yn-3-yl acetate (Compound 4.108):!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 1 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Oct-12, 11:03:19                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/17/2012 10:57:55 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:45:18 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 1 deg/min to 140, 10 min ,
                   20 psi, sr = 35:1
                  
 
min34.6 34.8 35 35.2 35.4 35.6 35.8 36 36.2 36.4
pA
4
6
8
10
12
 FID1 A,  (MIKE ARDOLINO\MJA-V-25PDTSPIKE.D)
  A
rea
: 1
01
.47
1
 3
5.
21
0
  A
rea
: 4
0.3
39
2
 3
5.
69
2
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-25PDTSPIKE.D
Sample Name: MJA-V-25pdtspike.D
Instrument 1 10/21/2012 11:45:20 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Oct-12, 17:00:36                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/17/2012 4:28:46 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:41:56 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 140, 10 min ,
                   20 psi, sr = 35:1
                  
 
min22.8 22.9 23 23.1 23.2 23.3 23.4 23.5 23.6 23.7
pA
0
50
100
150
200
250
300
 FID1 A,  (MIKE ARDOLINO\MJA-IV-275RAC.D)
  A
rea
: 1
14
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3.
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-275RAC.D
Sample Name: MJA-V-275rac.D
Instrument 1 10/21/2012 11:41:58 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Oct-12, 15:32:45                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/17/2012 3:31:59 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:42:28 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 140, 10 min ,
                   20 psi, sr = 35:1
                  
 
min22.8 22.9 23 23.1 23.2 23.3 23.4 23.5 23.6 23.7
pA
5
10
15
20
25
30
35
40
 FID1 A,  (MIKE ARDOLINO\MJA-V-25OAC.D)
  A
rea
: 4
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8
 2
3.
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1
  A
rea
: 1
00
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-25OAC.D
Sample Name: MJA-V-25oAc.D
Instrument 1 10/21/2012 11:42:31 AM Mike Ardolino Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  23.131 MM    0.0441    4.62618    1.74884  4.38112
   2  23.494 MM    0.0435  100.96746   38.71632 95.61888
 
Totals :                   105.59364   40.46516
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-25OAC.D
Sample Name: MJA-V-25oAc.D
Instrument 1 10/21/2012 11:42:31 AM Mike Ardolino Page 2 of 2
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7. Kinetic Isotope Labeling Study (Table 4.9)!
! The kinetic isotope effect was measured experimentally through a competition          
experiment between authentic oct-1-yn-3-yl acetate and its deuterated analogue, 
prepared from commercially available oct-1-yn-3-ol via the two step procedure as shown 
below:!
!
  !
!
! A flame-dried round-bottomed flask with a magnetic stir bar was charged with THF          
(50 mL) and oct-1-yn-3-ol (631 mg, 5.00 mmol) under nitrogen, and the solution was 
stirred and cooled to −78º C. n-butyllithium (5.0 mL of a 2.5 M solution, 12.5 mmol) was 
added dropwise and the solution was stirred for 15 min at −78º C and then slowly 
warmed to 0º C. A separate solution of D2O (501 mg, 25.0 mmol) and THF (25 mL) was 
prepared under nitrogen in a separate flame-dried round-bottomed flask under nitrogen 
and sparged with a steady flow of nitrogen gas for 30 minutes. This solution was then 
added dropwise to the solution of alcohol and butyl lithium at 0º C under nitrogen, and 
the solution was stirred and slowly warmed to room temperature for three hours. The 
solution was recooled to 0º C, quenched with an aqueous saturated ammonium chloride 
solution, extracted three times with diethyl ether, dried with magnesium sulfate, filtered 
and concentrated in vacuo. The resulting crude mixture was purified on silica gel (2:1 
pentane:diethyl ether) to give 532 mg of the desired labeled alcohol (83% yield, 77.3% 
D-incorporation by 1H-NMR). Rf = 0.72 (2:1 pentane:diethyl ether; stain in CAM). 
O Me
O
Me
n-pent
OH Ac2O, DMAP, TEA
DCM, 0 oC to rtH
n-BuLi, -78-0 oC, THF
then D2O, 0 oC, THF
n-pent
OD
D
Dd-1
77% D-incorpotation
83% Yield 90%
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Representative procedure A was then followed to afford the desired labeled acetate (457 
mg, 90% yield). Rf = 0.34 (20:1 pentane:diethyl ether, stain in KMNO4).!
!
d-oct-1-yn-3-yl acetate (Compound d-4.108). 1H NMR (500 
MHz, CDCl3): δ 5.34 (1H, dd (app t), J = 6.5 Hz, 6.5 Hz), 
2,09 (3H, s), 1.74-1.79 (2H, m), 1.42-1.48 (2H, m), 1.29-1.35 
(4H, m), 0.89 (3H, dd (app t), J = 7.0 Hz, 7.0 Hz);  13C NMR 
(125 MHz, CDCl3): δ 169.9, 81.4, 73.3, 63.8, 34.5, 31.2, 24.5, 24.5, 21.0, 13.9;  IR 
(neat): 3294 (w), 2956 (w), 2931 (m), 2863 (w), 1740 (s), 1371 (m), 1227 (s), 1020 (s), 
962 (w), 892 (w) cm-1;  HRMS-(ESI+) for C10H16D1O2 [M+H]: calculated: 170.12913, 
found: 170.12897.!
!
! To test for the kinetic isotope effect, Representative Procedure C was followed on          
a 0.2 mmol scale with a mixture of labeled and unlabeled oct-1-yn-3-yl acetate as shown 
below. The change in ratio of labeled and unlabeled acetate in the recovered enriched 
sample was compared with the ratio in the starting material, and average rates for each 
were determined.!
!
!
!
!
!
!
!
 427
O Me
O
Me
D
8. Kinetic Resolution with Arylzinc Nucleophiles!
!
  !
!
Preparation of Phenylzinc Chloride (Compound 4.76): An oven-dried 2-Dram vial 
equipped with a magnetic stir bar was charged with ZnCl2 (136 mg, 1.00 mmol) and 
tetrahydrofuran (1.0 mL) in a dry-box under argon atmosphere. The vial was sealed with 
an open-top cap with a silicon/teflon septum and electrical tape and brought out of the 
dry box. The vial was put under nitrogen and cooled to 0 °C, and a solution of 
phenylmagnesium bromide (1.5 mL of a 0.67 M solution, 1.0 mmol) was added 
dropwise. The nitrogen needle was removed and the vial was further sealed with 
electrical tape and allowed to warm to room temperature for 15 minutes. The solution 
was used without further purification as a 0.67 M solution.!
!
  !
!
Resolution to give octa-1,2-dien-1-ylbenzene:  An oven-dried 2-Dram vial equipped 
with a magnetic stir bar was charged with with (R)-4.158 (2.2 mg, 0.30 μmol), oct-1-yn-3-
yl acetate (67.2 mg, 0.400 mmol), and tetrahydrofuran (0.8 mL) in a dry-box under argon 
atmosphere. The vial was sealed with an open-top cap with a silicon/teflon septum and 
electrical tape and brought out of the dry box. The vial was put under nitrogen, and a 
solution of phenylzinc chloride (0.29 mL of a 0.67 M solution, 0.20 mmol) was added 
ZnClMgBr
+ ZnCl2
THF
0 °C to rt, 15 min
n-pent
OAc
+
n-pent
OAc
n-pent
+
(R)-4.158 (1%)
THF, rt, 2 h
ZnCl H
H
Ph
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dropwise under nitrogen. The nitrogen needle was removed and the vial was further 
sealed with electrical tape and allowed to stir at room temperature for 2 hours. After this 
time, the reaction mixture was diluted with diethyl ether, filtered through a plug of silica 
gel, and concentrated in vacuo. The reaction mixture was subjected directly to GLC 
analysis in order to determine the enrichment of product and starting material.!
!
Octa-1,2-dien-1-ylbenzene (Compound 4.165): Spectral data are 
in accordance with the literature. !71
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 2 °C/min to 160 °C for 20 min, 20 
psi)- analysis of title compound.!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 08-Nov-12, 16:13:06                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 11/8/2012 4:57:45 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 5/9/2014 8:29:05 AM by Meredith Eno
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info    : Beta-Dex, 60 deg C/10 min, 2.5 deg/min to 140, 10 mi , 
                   min. 20 psi, sr = 35:1
                  
 
min58 58.2 58.4 58.6 58.8 59 59.2 59.4
pA
5
10
15
20
25
30
35
40
45
 FID1 A,  (MIKE ARDOLINO\MJA-V-58BPURE.D)
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
No peaks found
 
=====================================================================
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-58BPURE.D
Sample Name: MJA-V-58Bpure
Instrument 1 5/9/2014 8:29:12 AM Meredith Eno Page 1 of 1
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Nov-12, 14:22:21                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 11/17/2012 2:20:44 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 5/9/2014 8:30:52 AM by Meredith Eno
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 2 deg/min to 160, 20 min
                   180 for 15 min. 20 psi, sr = 35:1
                  
 
min59 59.2 59.4 59.6 59.8 60 60.2 60.4
pA
0
20
40
60
80
100
120
140
 FID1 A,  (MIKE ARDOLINO\MJA-V-60PURE3.D)
  A
rea
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  A
rea
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1
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-60PURE3.D
Sample Name: MJA-V-60pure3
Instrument 1 5/9/2014 8:30:57 AM Meredith Eno Page 1 of 2
 
Signal 1: FID1 A,
 
Peak RetTime Type  Width     Area   Height    Area 
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  59.729 MF    0.0935  805.58826  143.62675 45.78706
   2  59.901 FM    0.1058  953.83508  150.31041 54.21294
 
Totals :                  1759.42334  293.93716
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-60PURE3.D
Sample Name: MJA-V-60pure3
Instrument 1 5/9/2014 8:30:57 AM Meredith Eno Page 2 of 2
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 B. Bolte, Y.; Odabachian, F.; Gagosz, F. J. Am. Chem. Soc. 2010, 132, 7294.71
n-pent
H
H
Ph
Recovered (S)-oct-1-yn-3-yl acetate (Compound 4.108): Spectral 
data are in accordance with the literature.57!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 160 °C for 10 min, 20 
psi)- analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
!
  !
!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Oct-12, 17:00:36                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/17/2012 4:28:46 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:41:56 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 140, 10 min ,
                   20 psi, sr = 35:1
                  
 
min22.8 22.9 23 23.1 23.2 23.3 23.4 23.5 23.6 23.7
pA
0
50
100
150
200
250
300
 FID1 A,  (MIKE ARDOLINO\MJA-IV-275RAC.D)
  A
rea
: 1
14
9.7
3
 2
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9
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rea
: 1
14
7.5
5
 2
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43
8
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-275RAC.D
Sample Name: MJA-V-275rac.D
Instrument 1 10/21/2012 11:41:58 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 15-Nov-12, 15:39:57                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 11/15/2012 3:36:14 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 5/9/2014 8:30:01 AM by Meredith Eno
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg/min to 160, 30 min
                   180 for 15 min. 20 psi, sr = 35:1
                  
 
min22.6 22.8 23 23.2 23.4 23.6 23.8
pA
10
20
30
40
50
 FID1 A,  (MIKE ARDOLINO\MJA-V-60PLUG2.D)
  A
rea
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rea
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 2
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-60PLUG2.D
Sample Name: MJA-V-64plug2
Instrument 1 5/9/2014 8:30:04 AM Meredith Eno Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  23.115 MM    0.0452  117.44377   43.35132 43.63948
   2  23.486 MM    0.0446  151.67900   56.66218 56.36052
 
Totals :                   269.12277  100.01350
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-60PLUG2.D
Sample Name: MJA-V-64plug2
Instrument 1 5/9/2014 8:30:04 AM Meredith Eno Page 2 of 2
 430
OAc
n-pent
  !
!
Resolution to give 1-methoxy-4-(octa-1,2-dien-1-yl)benzene: An oven-dried 2-Dram 
vial equipped with a magnetic stir bar was charged successively with [(R)-(+)-2,2'-
Bis(di-2-furanylphosphino)-6,6'-dimethoxy-1,1'-biphenyl]palladium(II) dichloride (4.158, 
1.1 mg, 1.5 μmol), THF (0.4 mL), oct-1-yn-3-yl acetate (33.6 mg, 0.2 mmol), and (p-
MeO)-phenylzinc pivalate  (31.3 mg, 0.1 mmol) in a dry-box under argon atmosphere. 72
The vial was sealed, removed from the dry-box, and heated to 60 °C while allowing to 
stir for 3 h. After this time, the reaction mixture was diluted with diethyl ether, filtered 
through a plug of silica gel and concentrated in vacuo. The reaction mixture was 
subjected to GLC and SFC analysis directly.!
!
1-methoxy-4-(octa-1,2-dien-1-yl)benzene (Compound 
4.167): We were unable to isolate enough clean material for 
full characterization. Representative product peaks: 1H NMR 
(500 MHz, CDCl3): δ 7.21 (2H, ddd (app dt), J = 9.0 Hz, 2.5 
Hz, 2.5 Hz), 6.84 (2H, ddd (app dt) J = 9.0 Hz, 2.5 Hz, 2.5 Hz), 6.08 (1H, ddd (app dt), 
6.5 Hz, 3.0 Hz, 3.0 Hz), 5.53 (1H, ddd (app q), J = 6.5 Hz, 6.5 Hz, 6.5 Hz), 3.80 (3H, s).!
!
!
!
n-pent
OAc
+
n-pent
OAc
n-pent
+(R)-4.158 (1%)
THF, 60 oC, 3 h
Zn(OPiv)
MeO
H
H
Ar
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 This reagent was prepared via the literature procedure, see: Bernhardt, S.; Manolikakes, G.; 72
Kunz, T.; Knochel, P. Angew. Chem. Int. Ed. 2011, 50, 9205.
n-pent
H
H
O
Analysis of Stereochemistry:!
! Optical purity was determined by SFC analysis of the title compound as compared          
to racemic product.!
!
Chiral SFC (OJ-H, Chiralpak, 215 nm, 3.0 mL/min, 3% 1:1 i-PrOH:Hexanes, 100 bar, 35 
°C) - analysis of title compound.!
               !
                 Racemic Sample                                             Enantioenriched Sample
  !
!
!
Recovered (S)-oct-1-yn-3-yl acetate (Compound 4.108): Spectral 
data are in accordance with the literature.57!
!
!
!
!
!
!
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OAc
n-pent
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 160 °C for 10 min, 20 
psi)- analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
!
!
!
!
!
!
!
!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 17-Oct-12, 17:00:36                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/17/2012 4:28:46 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:41:56 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 60 deg for 10 min, 5 deg/min to 140, 10 min ,
                   20 psi, sr = 35:1
                  
 
min22.8 22.9 23 23.1 23.2 23.3 23.4 23.5 23.6 23.7
pA
0
50
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 FID1 A,  (MIKE ARDOLINO\MJA-IV-275RAC.D)
  A
rea
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5
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8
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-275RAC.D
Sample Name: MJA-V-275rac.D
Instrument 1 10/21/2012 11:41:58 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 01-Dec-12, 14:31:38                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 12/1/2012 2:30:30 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 5/9/2014 8:31:43 AM by Meredith Eno
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg/min to 160, 140 fo
                  r 60 min. 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-76.D
Sample Name: MJA-V-76
Instrument 1 5/9/2014 8:31:46 AM Meredith Eno Page 1 of 2
 
Signal 1: FID1 A,
 
Peak RetTime Type  Width     Area Height    Ar a  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  23.112 MM    0.0447  153.43170   57.26156 35.66070
   2  23.476 MM    0.0472  276.82266   97.79389 64.33930
 
Totals :                   430.25436  155.05545
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-76.D
Sample Name: MJA-V-76
Instrument 1 5/9/2014 8:31:46 AM Meredith Eno Page 2 of 2
 433
9. Resolution of Propargyl Acetates by Hydrogenolysis with Tetramethyl-
ammonium Triacetoxyborohydride.!
!
  !
!
! An oven-dried 2-Dram vial equipped with a magnetic stir bar was charged with          
[(R)-(+)-2,2'-Bis(di-2-furanylphosphino)-6,6'-dimethoxy-1,1'-biphenyl]palladium(II) 
dichloride (4.158, 2.2 mg, 3.0 μmol), tetramethylammonium triacetoxyborohydride (57.9 
mg, 0.220 mmol), and THF (1.0 mL) in a dry-box under argon atmosphere. The vial was 
capped and allowed to stir for five minutes, over which time the solution turned a deep 
red color. 1-phenylprop-2-yn-1-yl acetate (69.6 mg, 0.400 mmol) was added and the vial 
was sealed, removed from the dry-box, and heated to 60 °C while allowing to stir for 45 
minutes. After this time, the reaction mixture was diluted with diethyl ether, filtered 
through a plug of silica gel and concentrated in vacuo.!
!
(R)-1-phenylprop-2-yn-1-yl acetate (Table 4.10, Entry 1 A). The 
crude reaction mixture was purified on silica gel (10:1 pentane:diethyl 
ether) to afford a clear, colorless oil (28.7 mg, 96% yield). Rf = 0.48 
(10:1 pentane:diethyl ether, stain in KMNO4).!
!
!
!
O Me
O
+(R)-4.158 (0.75 mol %)
THF, 60 oC, 45 min
O Me
O
Me4NBH(OAc)3 0.55 equiv H
 434
O Me
O
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 140 °C for 15 min, 20 
psi) - analysis of title compound.!
!
              !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
propa-1,2-dien-1-ylbenzene (Table 4.10, Entry 1 B). Clear, pale 
yellow oil. Rf = 0.88 (10:1 pentane:diethyl ether, stain in KMNO4). 
Spectral data are in accordance with the literature.70!
!
(R)-1-(4-methoxyphenyl)prop-2-yn-1-yl acetate (Table 4.10, Entry 2): The 
representative procedure was followed with 1-(4-methoxyphenyl)prop-2-yn-1-yl acetate 
with the following modification: the reaction was run for 1 hour with 0.5 equivalents of 
tetramethylammonium triacetoxyborohydride.!
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 06-Sep-12, 08:39:06                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/14/2012 9:16:57 PM by Mike Ardolino
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/16/2013 8:12:20 PM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg, 10 min, 5 deg/min to 120, for 5 min, 
                  20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-273START.D
Sample Name: MJA-IV-273start
Instrument 1 1/16/2013 8:12:23 PM Chris Schuster Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 08-Jan-13, 18:03:10                  Inj :   1
                                                Inj Volume : Manually
Acq. Method    : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 1/8/2013 6:02:01 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/11/2013 5:48:58 PM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg 10 min, 5 deg/min to 140, 15 min, 20 p
                  si, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-118.D
Sample Name: MJA-V-118
Instrument 1 1/11/2013 5:49:00 PM Chris Schuster Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     rea Height    Area 
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  31.218 MM    0.0741   10.94217    2.46253  2.49549
   2  31.765 MF    0.0792  427.53540   89.94408 97.50451
 
Totals :                   438.47758   92.40660
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-118.D
Sample Name: MJA-V-118
Instrument 1 1/11/2013 5:49:00 PM Chris Schuster Page 2 of 2
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!(R)-1-(4-methoxyphenyl)prop-2-yn-1-yl acetate (Table 4.10, 
Entry 2 A). The crude reaction mixture was purified on silica gel 
(10:1 pentane:diethyl ether) to afford a clear, colorless oil (40.8 
mg, 90% yield). Rf = 0.33 (10:1 pentane:diethyl ether, stain in 
KMNO4).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product.!
!
Chiral GLC (β-dex, Supelco, 40 °C for 10 min, ramp 2.5 °C/min to 140 °C for 20 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
=====================================================================
                             Run Logbook
=====================================================================
Method       Method started                                 11:15:21 10/18/12
Method       Instrument remote started (front)              11:15:21 10/18/12
6850       1 ... runtime 69.44                              12:25:36 10/18/12
6850       1 Oven temp setpt:Final time 1 13.00 at     ...  12:25:36 10/18/12
6850       1 ... runtime 69.44                              12:25:36 10/18/12
6850       1 Column setpt:Post pres 20.0 psi at        ...  12:25:36 10/18/12
6850       1 ... 69.44                                      12:25:36 10/18/12
6850       1 Not ready:Inlet pres 20.0 psi at runtime  ...  12:25:36 10/18/12
6850       1 Not ready:Inlet flow 46.2 at runtime 69.44     12:25:37 10/18/12
6850       1 Post run setpt:Time 5.00 at runtime 69.68      12:25:37 10/18/12
Method       Sav ng Method A Q.M                           12:25:37 10/18/12
6850       1 ... runtime 69.68                              12:25:37 10/18/12
6850       1 Column setpt:Post pres 20.0 psi at        ...  12:25:37 10/18/12
6850       1 ... 69.68                                      12:25:37 10/18/12
6850       1 Not ready:Inlet pres 20.0 psi at runtime  ...  12:25:37 10/18/12
CP Macro     Analyzing rawdata MJA-IV-165RAC2.D             12:25:37 10/18/12
6850       1 Not ready:Inlet flow 46.1 at runtime 69.68     12:25:37 10/18/12
Method       Instrument run completed                       12:30:38 10/18/12
Method       Saving Method DA.M                             12:30:38 10/18/12
Method       Method completed                               12:30:39 10/18/12
=====================================================================
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Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-IV-165RAC2.D
Sample Name: MJA-IV-165rac2
Instrument 1 10/21/2012 11:10:27 AM Mike Ardolino Page 3 of 4
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 07-Jan-13, 16:07:52                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 1/7/2013 5:14:13 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/11/2013 5:49:49 PM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 40 deg C for 10 min, 2.5 deg/min to 160, 20 m
                  in 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-116OAC.D
Sample Name: MJA-V-116oAc
Instrument 1 1/11/2013 5:49:58 PM Chris Schuster Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  67.487 MM    0.1302  101.55161   13.00158 20.27083
   2  68.131 MF    0.1390  399.42249   47.89069 79.72917
 
Totals :                   500.97409   60.89228
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-116OAC.D
Sample Name: MJA-V-116oAc
Instrument 1 1/11/2013 5:49:58 PM Chris Schuster Page 2 of 2
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O Me
O
MeO
1-methoxy-4-(propa-1,2-dien-1-yl)benzene (Table 4.10, Entry 
2 B). Clear, pale yellow oil. Rf = 0.85 (10:1 pentane:diethyl ether, 
stain in KMNO4). Spectral data are in accordance with the 
literature.71!
!
Kinetic resolution to give (S,E)-5,9-dimethyldeca-4,8-dien-1-yn-3-yl acetate (Table 
4.10, Entry 3): The representative procedure was followed with (E)-5,9-
dimethyldeca-4,8-dien-1-yn-3-yl acetate with the following modification: the reaction was 
run with 0.5 equivalents of tetramethylammonium triacetoxyborohydride.!
!
(S,E)-5,9-dimethyldeca-4,8-dien-1-yn-3-yl acetate 
(Table 4.10, Entry A). The crude raction mixture was 
purified on silica gel (20:1 pentane:diethyl ether) to afford 
a clear, yellow oil (44.0 mg, 94% yield). Rf = 0.24 (20:1 pentane:diethyl ether, stain in 
KMNO4).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product.!
!
!
!
!
!
 437
OMe
O Me
O
Me
Me
Me
Chiral GLC (β-dex, Supelco, 80 °C for 10 min, ramp 1 °C/min to 160 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
!
(E)-5,9-dimethyldeca-1,2,4,8-tetraene (Table 4.10, Entry 
3 B). 1H NMR (500 MHz, CDCl3): δ 6.01 (1H, ddd (app dt), 
J = 11.0 Hz, 7.0 Hz, 7.0 Hz), 5.63 (1H, J = 11.0 Hz, 2.5 Hz, 
1.5 Hz), 5.10 (1H, dddd (app tt), J = 7.0 Hz, 7.0 Hz, 1.5 Hz, 1.5 Hz), 4.88 (2H, dddd (app 
ddt), J = 7.5 Hz, 2.5 Hz, 1.5 Hz, 1.5 Hz), 2.05-2.13 (4H, m), 1.72 (3H, d, J = 1.5 Hz), 
1.69 (3H, d, J = 1.0 Hz), 1.61 (3H, s);  13C NMR (125 MHz, CDCl3): δ , 211.9, 138.0, 
131.7, 123.9, 118.4, 89.8, 75.7, 39.9, 26.6, 25.7, 17.7, 16.5;  IR (neat): 2968 (w), 2915 
(m), 2855 (w), 1937 (m), 1443 (m), 1377 (m), 876 (m), 845 (s), 818 (w) cm-1;  HRMS-
(ESI+) for C12H19 [M+H]: calculated: 163.14868, found: 163.14926. The crude reaction 
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Oct-12, 11:01:29                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 10/19/2012 11:00:04 AM by Mik  Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\MIKE ARDOLINO\CD-GTA.M
Last changed    : 10/21/2012 11:34:04 AM by Mike Ardolino
                  (modified after loading)
Sample Info     : Beta-Dex, 80 deg for 10 min, 1 deg/min to 160, 10 min ,
                   20 psi, sr = 35:1
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=====================================================================
                Area Percent Report              
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-JMT58RAC.D
Sample Name: MJA-V-JMT58rac
Instrument 1 10/21/2012 11:34:16 AM Mike Ardolino Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Dec-12, 11:58:34                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 12/19/2012 11:57:18 AM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/11/2013 5:54:02 PM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 80 deg C for 10 min, 1 deg/min to 160 . 20 ps
                  i, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-103.D
Sample Name: MJA-V-103
Instrument 1 1/11/2013 5:54:04 PM Chris Schuster Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area  Height     Area  
  #   [min]        [min]   [pA*s]     [pA]        %
----|-------|----|-------|----------|----------|--------|
   1  67.365 MF    0.1499  147.92336   16.44899 20.26626
   2  67.715 FM    0.1561  581.97632   62.11814 79.73374
 
Totals :                   729.89967   78.56713
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-103.D
Sample Name: MJA-V-103
Instrument 1 1/11/2013 5:54:04 PM Chris Schuster Page 2 of 2
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Me
MeMe
mixture was purified on silica gel (20:1 pentane:diethyl ether) to afford a clear, pale 
yellow oil. Rf = 0.84 (20:1 pentane:diethyl ether, stain in KMNO4).!
!
Kinetic resolution to give (S)-oct-1-yn-3-yl acetate (Table 4.10, Entry 4): The 
representative procedure was followed with oct-1-yn-3-yl acetate with the following 
modification: the reaction was run for 4.5 hours at with 0.6 equivalents of 
tetramethylammonium triacetoxyborohydride.!
!
(S)-oct-1-yn-3-yl acetate (Table 4.10, Entry 4 A). The crude 
raction mixture was purified on silica gel (20:1 pentane:diethyl 
ether) to afford a clear, colorless oil (19.7 mg, 70% yield). Rf = 
0.31 (20:1 pentane:diethyl ether, stain in KMNO4).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product.!
!
!
!
!
!
!
!
!
 439
O Me
O
Me
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
!
octa-1,2-diene (Table 4.10, Entry 4 B). Clear, pale yellow oil. Rf 
= 0.94 (20:1 pentane:diethyl ether, stain in KMNO4). Spectral 
data are in accordance with the literature.71!
!
Kinetic resolution to give (S)-1-cyclohexylprop-2-yn-1-yl acetate (Table 4.10, Entry 
5): The representative procedure was followed with 1-cyclohexylprop-2-yn-1-yl acetate 
with the following modification: the reaction was run for 6.5 hours at 1.0% catalyst 
loading with 0.75 equivalents of the tetramethylammonium triacetoxyborohydride.!
!
!
!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 11-Aug-12, 10:09:19                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 8/9/2012 7:55:51 AM by Meredith Eno
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/12/2013 11:29:45 AM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg C/min to 140 for 2
                  0 min. 20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-060START.D
Sample Name: MSE-II-060START
Instrument 1 1/12/2013 11:29:47 AM Chris Schuster Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 03-Jan-13, 16:47:48                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 8/14/2012 9:16:57 PM by Mike Ardolino
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/11/2013 5:50:58 PM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg/min to 140, 20 min
                   20 psi, sr = 35:1
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=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-107PURE.D
Sample Name: MJA-V-107pure
Instrument 1 1/11/2013 5:51:11 PM Chris Schuster Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  23.116 MM    0.0442   78.05604   29.44047 14.97124
   2  23.462 MF    0.0517  443.31720  143.00038 85.02876
 
Totals :                   521.37324  172.44085
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-107PURE.D
Sample Name: MJA-V-107pure
Instrument 1 1/11/2013 5:51:11 PM Chris Schuster Page 2 of 2
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Me
!(S)-1-cyclohexylprop-2-yn-1-yl acetate (Table 4.10, Entry 5 A). The 
crude raction mixture was purified on silica gel (20:1 pentane:diethyl 
ether) to afford a clear, colorless oil (28.5 mg, 88% yield). Rf = 0.38 
(20:1 pentane:diethyl ether, stain in KMNO4).!
!
Analysis of Stereochemistry:!
! Optical purity was determined by GLC analysis of the title compound as compared          
to racemic product.!
!
Chiral GLC (β-dex, Supelco, 60 °C for 10 min, ramp 5 °C/min to 140 °C for 10 min, 20 
psi) - analysis of title compound.!
!
               !
                 Racemic Sample                                             Enantioenriched Sample!
  !
!
!
=====================================================================
Acq. Operator   : Meredith Eno                 
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 19-Nov-12, 16:42:11                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MEREDITH ENO\BETA-DEX.M
Last changed    : 11/19/2012 4:40:31 PM by Ryan Coombs
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 11/19/2012 5:36:14 PM by Ryan Coombs
                  (modified fter loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg C for 10 min, 5 deg/min to 140 for 10
                   180 for 15 min. 20 psi, sr = 35:1
                  
 
min28.6 28.8 29 29.2 29.4 29.6 29.8 30
pA
10
20
30
40
50
 FID1 A,  (MEREDITH ENO\MSE-II-106-RAC.D)
 2
9.
12
2
 2
9.
56
0
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MEREDITH ENO\MSE-II-106-RAC.D
Sample Name: MSE-II-106-RAC
Instrument 1 11/19/2012 5:36:15 PM Ryan Coombs Page 1 of 2
=====================================================================
Acq. Operator   : Mike Ardolino                
Acq. Instrument : Instrument 1                    Location : Vial 1
Injection Date  : 08-Jan-13, 18:43:04                  Inj :   1
                                                Inj Volume : Manually
Acq. Method     : C:\CHEM32\1\METHODS\MIKE ARDOLINO\BETA-DEX.M
Last changed    : 1/8/2013 6:41:58 PM by Mike Ardolino
                  (modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\SLEEP_MODE.M
Last changed    : 1/11/2013 5:47:31 PM by Chris Schuster
                  (modified after loading)
Method Info     : sleep mode
 
Sample Info     : Beta-Dex, 60 deg 10 min, 5 deg/min to 140, 15 min, 20 p
                  si, sr = 35:1
                  
 
min28.9 29 29.1 29.2 29.3 29.4 29.5 29.6 29.7
pA
0
20
40
60
80
100
120
 FID1 A,  (MIKE ARDOLINO\MJA-V-119.D)
  A
rea
: 4
5.2
97
8
 2
9.
11
7
  A
rea
: 5
12
.18
7
 2
9.
52
9
 
=====================================================================
                         Area Percent Report                         
=====================================================================
 
Sorted By             :      Signal
Multiplier            :      1.0000
Dilution              :      1.0000
Sample Amount         :      2.00000  [ng/ul]   (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
 
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-119.D
Sample Name: MJA-V-119
Instrument 1 1/11/2013 5:47:35 PM Chris Schuster Page 1 of 2
 
Signal 1: FID1 A, 
 
Peak RetTime Type  Width     Area      Height     Area  
  #   [min]        [min]   [pA*s]      [pA]         %
----|-------|----|-------|----------|----------|--------|
   1  29.117 MM    0.0619   45.29784   12.20295  8.12539
   2  29.529 MM    0.0716  512.18719  119.22504 91.87461
 
Totals :                   557.48503  131.42799
 
 
=====================================================================
                          *** End of Report ***
Data File C:\CHEM32\1\DATA\MIKE ARDOLINO\MJA-V-119.D
Sample Name: MJA-V-119
Instrument 1 1/11/2013 5:47:35 PM Chris Schuster Page 2 of 2
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O Me
O
propa-1,2-dien-1-ylcyclohexane (Table 4.10, Entry 5 B). Clear, pale 
yellow oil. Rf = 0.94 (20:1 pentane:diethyl ether, stain in KMNO4). 
Spectral data are in accordance with the literature. !73
!
!
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 N. Nishima, Y. Yamamoto, Angew. Chem. Int. Ed. 2006, 45, 3314.73
!!!!!!!!!!!!!!!!!!!!!!
Appendix A: Representative 1H and 13C NMR Spectra!!!!!!!!!!!!!!!!!!!!!!!!!!
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!!!!!!!!!!!!!!!!!!!!!!
Appendix B: Crystallographic Information For 2.89 and 3.SI.3!!!!!!!!!!!!!!!!!!!!!!!!!!
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!
Information for 2.89!
  !!
 Table 1.  Crystal data and structure refinement for C30H24Cl2O6P2Pd.!
_____________________________________________________________________________!
Identification code ! C30H24Cl2O6P2Pd!
Empirical formula ! C30 H24 Cl2 O6 P2 Pd!
Formula weight ! 719.73!
Temperature ! 100(2) K!
Wavelength ! 0.71073 ≈!
Crystal system ! Tetragonal!
Space group ! P4(1)2(1)2 !
Unit cell dimensions! a = 11.0719(3) ≈! α= 90∞.!
! b = 11.0719(3) ≈! β= 90∞.!
! c = 23.9032(7) ≈! γ = 90∞.!
Volume! 2930.22(14) ≈3!
Z! 4!
Density (calculated)! 1.631 Mg/m3!
Absorption coefficient! 0.968 mm-1!
F(000)! 1448!
Crystal size! 0.16 x 0.15 x 0.12 mm3!
Theta range for data collection! 2.03 to 28.35∞.!
Index ranges! -14<=h<=14, -13<=k<=14, -29<=l<=31!
Reflections collected! 25662!
Independent reflections! 3655 [R(int) = 0.0196]!
Completeness to theta = 28.35∞! 100.0 % !
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Absorption correction! Semi-empirical from equivalents!
Max. and min. transmission! 0.8927 and 0.8605!
Refinement method! Full-matrix least-squares on F2!
Data / restraints / parameters! 3655 / 0 / 187!
Goodness-of-fit on F2! 1.119!
Final R indices [I>2sigma(I)]! R1 = 0.0145, wR2 = 0.0376!
R indices (all data)! R1 = 0.0149, wR2 = 0.0378!
Absolute structure parameter! -0.006(14)!
Extinction coefficient! na!
Largest diff. peak and hole! 0.273 and -0.348 e.≈-3!
________________________________________________________________!!!
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(≈2x 103) for C30H24Cl2O6P2Pd.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor.!
_____________________________________________________________________________ !
! x! y! z! U(eq)!
_____________________________________________________________________________  !
Pd(1)! 10183(1)! 10183(1)! 0! 11(1)!
Cl(1)! 12198(1)! 10220(1)! 294(1)! 23(1)!
P(1)! 9929(1)! 8442(1)! 456(1)! 11(1)!
O(1)! 10132(1)! 6020(1)! 337(1)! 20(1)!
O(2)! 5465(1)! 7352(1)! 95(1)! 17(1)!
O(3)! 10814(1)! 9358(1)! 1432(1)! 20(1)!
C(1)! 10401(1)! 7121(1)! 100(1)! 14(1)!
C(2)! 11033(1)! 6971(2)! -380(1)! 22(1)!
C(3)! 11169(2)! 5702(2)! -450(1)! 31(1)!
C(4)! 10617(1)! 5175(2)! -12(1)! 28(1)!
C(5)! 8368(1)! 8233(1)! 672(1)! 12(1)!
C(6)! 7487(1)! 7820(1)! 294(1)! 12(1)!
C(7)! 6282(1)! 7770(1)! 474(1)! 14(1)!
C(8)! 5959(1)! 8172(2)! 1006(1)! 19(1)!
C(9)! 6838(1)! 8618(2)! 1363(1)! 22(1)!
C(10)! 8039(1)! 8646(1)! 1205(1)! 17(1)!
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C(11)! 4248(1)! 7225(2)! 285(1)! 22(1)!
C(12)! 10834(1)! 8382(1)! 1078(1)! 14(1)!
C(13)! 11701(2)! 9144(2)! 1820(1)! 24(1)!
C(14)! 12257(1)! 8087(1)! 1724(1)! 22(1)!
C(15)! 11696(1)! 7582(1)! 1239(1)! 17(1)!
_____________________________________________________________________________ !!!
Table 3.  Bond lengths [≈] and angles [∞] for  C30H24Cl2O6P2Pd.!
_____________________________________________________ !
Pd(1)-P(1) ! 2.2332(3)!
Pd(1)-P(1)#1 ! 2.2332(3)!
Pd(1)-Cl(1)#1 ! 2.3389(3)!
Pd(1)-Cl(1) ! 2.3389(3)!
P(1)-C(1) ! 1.7711(14)!
P(1)-C(12) ! 1.7931(14)!
P(1)-C(5) ! 1.8180(13)!
O(1)-C(4) ! 1.3640(19)!
O(1)-C(1) ! 1.3767(16)!
O(2)-C(7) ! 1.3605(17)!
O(2)-C(11) ! 1.4290(17)!
O(3)-C(13) ! 1.3724(18)!
O(3)-C(12) ! 1.3726(17)!
C(1)-C(2) ! 1.3551(19)!
C(2)-C(3) ! 1.423(2)!
C(2)-H(2) ! 0.9500!
C(3)-C(4) ! 1.344(3)!
C(3)-H(3) ! 0.9500!
C(4)-H(4) ! 0.9500!
C(5)-C(10) ! 1.4020(18)!
C(5)-C(6) ! 1.4069(17)!
C(6)-C(7) ! 1.4021(19)!
C(6)-C(6)#1 ! 1.500(2)!
C(7)-C(8) ! 1.3955(19)!
C(8)-C(9) ! 1.386(2)!
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C(8)-H(8) ! 0.9500!
C(9)-C(10) ! 1.383(2)!
C(9)-H(9) ! 0.9500!
C(10)-H(10) ! 0.9500!
C(11)-H(11A) ! 0.9800!
C(11)-H(11B) ! 0.9800!
C(11)-H(11C) ! 0.9800!
C(12)-C(15) ! 1.358(2)!
C(13)-C(14) ! 1.342(2)!
C(13)-H(13) ! 0.9500!
C(14)-C(15) ! 1.429(2)!
C(14)-H(14) ! 0.9500!
C(15)-H(15) ! 0.9500!!
P(1)-Pd(1)-P(1)#1! 91.193(18)!
P(1)-Pd(1)-Cl(1)#1! 166.502(13)!
P(1)#1-Pd(1)-Cl(1)#1! 89.329(12)!
P(1)-Pd(1)-Cl(1)! 89.329(12)!
P(1)#1-Pd(1)-Cl(1)! 166.501(13)!
Cl(1)#1-Pd(1)-Cl(1)! 93.297(19)!
C(1)-P(1)-C(12)! 101.71(7)!
C(1)-P(1)-C(5)! 108.19(6)!
C(12)-P(1)-C(5)! 106.92(6)!
C(1)-P(1)-Pd(1)! 116.15(5)!
C(12)-P(1)-Pd(1)! 111.48(5)!
C(5)-P(1)-Pd(1)! 111.61(4)!
C(4)-O(1)-C(1)! 105.68(12)!
C(7)-O(2)-C(11)! 116.67(11)!
C(13)-O(3)-C(12)! 105.66(11)!
C(2)-C(1)-O(1)! 110.62(12)!
C(2)-C(1)-P(1)! 131.39(12)!
O(1)-C(1)-P(1)! 117.97(9)!
C(1)-C(2)-C(3)! 105.88(15)!
C(1)-C(2)-H(2)! 127.1!
C(3)-C(2)-H(2)! 127.1!
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C(4)-C(3)-C(2)! 106.88(15)!
C(4)-C(3)-H(3)! 126.6!
C(2)-C(3)-H(3)! 126.6!
C(3)-C(4)-O(1)! 110.94(14)!
C(3)-C(4)-H(4)! 124.5!
O(1)-C(4)-H(4)! 124.5!
C(10)-C(5)-C(6)! 120.62(12)!
C(10)-C(5)-P(1)! 117.64(10)!
C(6)-C(5)-P(1)! 121.22(10)!
C(7)-C(6)-C(5)! 118.44(12)!
C(7)-C(6)-C(6)#1! 120.74(11)!
C(5)-C(6)-C(6)#1! 120.78(10)!
O(2)-C(7)-C(8)! 123.04(13)!
O(2)-C(7)-C(6)! 116.22(12)!
C(8)-C(7)-C(6)! 120.71(13)!
C(9)-C(8)-C(7)! 119.71(14)!
C(9)-C(8)-H(8)! 120.1!
C(7)-C(8)-H(8)! 120.1!
C(10)-C(9)-C(8)! 120.99(14)!
C(10)-C(9)-H(9)! 119.5!
C(8)-C(9)-H(9)! 119.5!
C(9)-C(10)-C(5)! 119.44(13)!
C(9)-C(10)-H(10)! 120.3!
C(5)-C(10)-H(10)! 120.3!
O(2)-C(11)-H(11A)! 109.5!
O(2)-C(11)-H(11B)! 109.5!
H(11A)-C(11)-H(11B)! 109.5!
O(2)-C(11)-H(11C)! 109.5!
H(11A)-C(11)-H(11C)! 109.5!
H(11B)-C(11)-H(11C)! 109.5!
C(15)-C(12)-O(3)! 110.46(12)!
C(15)-C(12)-P(1)! 130.70(11)!
O(3)-C(12)-P(1)! 118.21(10)!
C(14)-C(13)-O(3)! 111.27(13)!
C(14)-C(13)-H(13)! 124.4!
 456
O(3)-C(13)-H(13)! 124.4!
C(13)-C(14)-C(15)! 106.32(13)!
C(13)-C(14)-H(14)! 126.8!
C(15)-C(14)-H(14)! 126.8!
C(12)-C(15)-C(14)! 106.29(13)!
C(12)-C(15)-H(15)! 126.9!
C(14)-C(15)-H(15)! 126.9!
_____________________________________________________________ !
Symmetry transformations used to generate equivalent atoms:  #1 y,x,-z      !!!
Table 4.   Anisotropic displacement parameters  (≈2x 103) for C30H24Cl2O6P2Pd.  The 
anisotropicdisplacement factor exponent takes the form:!
  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]!
_____________________________________________________________________________
_ !
! U11! U22 ! U33! U23! U13! U12!
_____________________________________________________________________________
_ !
Pd(1)! 10(1) ! 10(1)! 14(1) ! 1(1)! -1(1) ! -2(1)!
Cl(1)! 12(1) ! 23(1)! 33(1) ! 9(1)! -5(1) ! -6(1)!
P(1)! 10(1) ! 11(1)! 12(1) ! 0(1)! 1(1) ! -1(1)!
O(1)! 22(1) ! 12(1)! 27(1) ! 1(1)! -3(1) ! -1(1)!
O(2)! 11(1) ! 23(1)! 18(1) ! -1(1)! 0(1) ! -5(1)!
O(3)! 22(1) ! 19(1)! 18(1) ! -4(1)! -7(1) ! 2(1)!
C(1)! 13(1) ! 12(1)! 19(1) ! -1(1)! 0(1) ! 0(1)!
C(2)! 17(1) ! 27(1)! 22(1) ! -5(1)! 4(1) ! 2(1)!
C(3)! 23(1) ! 32(1)! 38(1) ! -18(1)! -1(1) ! 11(1)!
C(4)! 28(1) ! 15(1)! 43(1) ! -9(1)! -11(1) ! 6(1)!
C(5)! 11(1) ! 12(1)! 13(1) ! 1(1)! 1(1) ! 0(1)!
C(6)! 14(1) ! 10(1)! 13(1) ! 0(1)! 1(1) ! -1(1)!
C(7)! 14(1) ! 14(1)! 16(1) ! 1(1)! 0(1) ! -2(1)!
C(8)! 13(1) ! 26(1)! 17(1) ! 0(1)! 4(1) ! 0(1)!
C(9)! 19(1) ! 31(1)! 14(1) ! -4(1)! 3(1) ! 1(1)!
C(10)! 16(1) ! 22(1)! 13(1) ! -1(1)! 0(1) ! -1(1)!
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C(11)! 13(1) ! 30(1)! 23(1) ! 4(1)! 0(1) ! -6(1)!
C(12)! 14(1) ! 15(1)! 13(1) ! 0(1)! -1(1) ! -2(1)!
C(13)! 26(1) ! 28(1)! 18(1) ! -2(1)! -10(1) ! -2(1)!
C(14)! 19(1) ! 26(1)! 20(1) ! 5(1)! -7(1) ! -2(1)!
C(15)! 15(1) ! 18(1)! 19(1) ! 3(1)! 0(1) ! -2(1)!
_____________________________________________________________________________  
 458
 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (≈2x 
10 3) for C30H24Cl2O6P2Pd.!
_____________________________________________________________________________ !
! x ! y ! z ! U(eq)!
_____________________________________________________________________________ !
 !
H(2)! 11326! 7587! -622! 26!
H(3)! 11573! 5303! -748! 37!
H(4)! 10569! 4327! 45! 34!
H(8)! 5140! 8140! 1124! 22!
H(9)! 6612! 8909! 1722! 26!
H(10)! 8636! 8942! 1456! 20!
H(11A)! 4235! 6736! 626! 33!
H(11B)! 3766! 6827! -5! 33!
H(11C)! 3909! 8025! 363! 33!
H(13)! 11895! 9675! 2119! 29!
H(14)! 12896! 7743! 1936! 26!
H(15)! 11889! 6835! 1064! 21!
_____________________________________________________________________________!!!
Table 6.  Torsion angles [∞] for C30H24Cl2O6P2Pd.!
________________________________________________________________ !
P(1)#1-Pd(1)-P(1)-C(1)! 84.04(5)!
Cl(1)#1-Pd(1)-P(1)-C(1)! 176.14(7)!
Cl(1)-Pd(1)-P(1)-C(1)! -82.46(5)!
P(1)#1-Pd(1)-P(1)-C(12)! -160.10(5)!
Cl(1)#1-Pd(1)-P(1)-C(12)! -68.00(8)!
Cl(1)-Pd(1)-P(1)-C(12)! 33.39(5)!
P(1)#1-Pd(1)-P(1)-C(5)! -40.61(4)!
Cl(1)#1-Pd(1)-P(1)-C(5)! 51.48(8)!
Cl(1)-Pd(1)-P(1)-C(5)! 152.88(5)!
C(4)-O(1)-C(1)-C(2)! -0.11(16)!
C(4)-O(1)-C(1)-P(1)! -178.70(10)!
C(12)-P(1)-C(1)-C(2)! -111.98(15)!
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C(5)-P(1)-C(1)-C(2)! 135.63(15)!
Pd(1)-P(1)-C(1)-C(2)! 9.24(17)!
C(12)-P(1)-C(1)-O(1)! 66.26(11)!
C(5)-P(1)-C(1)-O(1)! -46.13(12)!
Pd(1)-P(1)-C(1)-O(1)! -172.52(8)!
O(1)-C(1)-C(2)-C(3)! 0.03(18)!
P(1)-C(1)-C(2)-C(3)! 178.37(12)!
C(1)-C(2)-C(3)-C(4)! 0.06(19)!
C(2)-C(3)-C(4)-O(1)! -0.13(19)!
C(1)-O(1)-C(4)-C(3)! 0.15(17)!
C(1)-P(1)-C(5)-C(10)! 139.33(11)!
C(12)-P(1)-C(5)-C(10)! 30.46(13)!
Pd(1)-P(1)-C(5)-C(10)! -91.68(11)!
C(1)-P(1)-C(5)-C(6)! -48.88(12)!
C(12)-P(1)-C(5)-C(6)! -157.74(11)!
Pd(1)-P(1)-C(5)-C(6)! 80.11(11)!
C(10)-C(5)-C(6)-C(7)! -3.4(2)!
P(1)-C(5)-C(6)-C(7)! -174.91(10)!
C(10)-C(5)-C(6)-C(6)#1! 174.24(14)!
P(1)-C(5)-C(6)-C(6)#1! 2.69(19)!
C(11)-O(2)-C(7)-C(8)! -6.1(2)!
C(11)-O(2)-C(7)-C(6)! 176.09(13)!
C(5)-C(6)-C(7)-O(2)! -179.31(12)!
C(6)#1-C(6)-C(7)-O(2)! 3.1(2)!
C(5)-C(6)-C(7)-C(8)! 2.8(2)!
C(6)#1-C(6)-C(7)-C(8)! -174.80(14)!
O(2)-C(7)-C(8)-C(9)! -178.15(14)!
C(6)-C(7)-C(8)-C(9)! -0.4(2)!
C(7)-C(8)-C(9)-C(10)! -1.5(2)!
C(8)-C(9)-C(10)-C(5)! 1.0(2)!
C(6)-C(5)-C(10)-C(9)! 1.5(2)!
P(1)-C(5)-C(10)-C(9)! 173.38(12)!
C(13)-O(3)-C(12)-C(15)! 0.19(16)!
C(13)-O(3)-C(12)-P(1)! -171.65(10)!
C(1)-P(1)-C(12)-C(15)! 2.38(16)!
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C(5)-P(1)-C(12)-C(15)! 115.73(14)!
Pd(1)-P(1)-C(12)-C(15)! -122.03(14)!
C(1)-P(1)-C(12)-O(3)! 172.27(11)!
C(5)-P(1)-C(12)-O(3)! -74.38(12)!
Pd(1)-P(1)-C(12)-O(3)! 47.85(11)!
C(12)-O(3)-C(13)-C(14)! -0.19(18)!
O(3)-C(13)-C(14)-C(15)! 0.13(19)!
O(3)-C(12)-C(15)-C(14)! -0.11(16)!
P(1)-C(12)-C(15)-C(14)! 170.38(12)!
C(13)-C(14)-C(15)-C(12)! -0.01(17)!
________________________________________________________________ !
Symmetry transformations used to generate equivalent atoms: !
#1 y,x,-z      !!!!!!!!!!!!!!!!!!!!!!!
 461
!!
Information for 3.SI.3!
  !!!
 Table 1.  Crystal data and structure refinement for sad.!
_____________________________________________________________________________!
Identification code ! sad!
Empirical formula ! C14 H20 O2!
Formula weight ! 220.30!
Temperature ! 100(2) K!
Wavelength ! 1.54178 ≈!
Crystal system ! Triclinic!
Space group ! P 1!
Unit cell dimensions! a = 5.7792(3) ≈! α= 90.814(2)∞.!
! b = 8.8392(5) ≈! β= 93.829(2)∞.!
! c = 12.6096(8) ≈! γ = 105.945(2)∞.!
Volume! 617.62(6) ≈3!
Z! 2!
Density (calculated)! 1.185 Mg/m3!
Absorption coefficient! 0.609 mm-1!
F(000)! 240!
Crystal size! 0.500 x 0.300 x 0.150 mm3!
Theta range for data collection! 3.515 to 67.407∞.!
Index ranges! -6<=h<=6, -10<=k<=8, -14<=l<=14!
Reflections collected! 8229!
Independent reflections! 2904 [R(int) = 0.0307]!
Completeness to theta = 67.679∞! 96.0 % !
Refinement method! Full-matrix least-squares on F2!
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Data / restraints / parameters! 2904 / 7 / 301!
Goodness-of-fit on F2! 1.059!
Final R indices [I>2sigma(I)]! R1 = 0.0267, wR2 = 0.0666!
R indices (all data)! R1 = 0.0269, wR2 = 0.0667!
Absolute structure parameter! 0.19(9)!
Extinction coefficient! n/a!
Largest diff. peak and hole! 0.128 and -0.156 e.≈-3!
________________________________________________________________ !!
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(≈2x 103)for sad.  !
U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor.!
_____________________________________________________________________________ !
! x! y! z! U(eq)!
_____________________________________________________________________________  !
O(1)! 7447(2)! 4872(2)! 7994(1)! 22(1)!
O(2)! 4510(3)! 1959(2)! 7689(1)! 32(1)!
C(1)! 9323(3)! 4094(2)! 7919(1)! 19(1)!
C(2)! 11635(3)! 5321(2)! 7703(1)! 23(1)!
C(3)! 12637(4)! 6465(2)! 8646(2)! 26(1)!
C(4)! 12966(3)! 5578(2)! 9650(2)! 25(1)!
C(5)! 10614(3)! 4368(2)! 9875(2)! 22(1)!
C(6)! 9624(3)! 3207(2)! 8932(1)! 18(1)!
C(7)! 7297(3)! 1968(2)! 9210(1)! 19(1)!
C(8)! 7798(3)! 813(2)! 10015(1)! 20(1)!
C(9)! 9502(4)! -7(3)! 9866(2)! 28(1)!
C(10)! 9806(4)! -1151(3)! 10567(2)! 31(1)!
C(11)! 8402(4)! -1502(2)! 11424(2)! 27(1)!
C(12)! 6713(4)! -686(3)! 11583(2)! 30(1)!
C(13)! 6424(4)! 453(2)! 10888(2)! 24(1)!
C(14)! 5788(3)! 1017(2)! 8257(2)! 24(1)!
O(3)! 11089(3)! 9885(2)! 6470(1)! 29(1)!
O(4)! 7398(2)! 7471(2)! 6908(1)! 24(1)!
C(15)! 9468(3)! 10168(2)! 5624(1)! 21(1)!
C(16)! 10475(4)! 11837(2)! 5260(2)! 28(1)!
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C(17)! 12817(4)! 12067(2)! 4706(2)! 29(1)!
C(18)! 12453(4)! 10879(2)! 3779(2)! 27(1)!
C(19)! 11500(3)! 9206(2)! 4153(2)! 22(1)!
C(20)! 9153(3)! 8953(2)! 4711(1)! 17(1)!
C(21)! 8262(3)! 7215(2)! 5036(1)! 18(1)!
C(22)! 7280(3)! 6149(2)! 4058(1)! 17(1)!
C(23)! 5165(3)! 6225(2)! 3488(1)! 19(1)!
C(24)! 4254(3)! 5268(2)! 2589(2)! 22(1)!
C(25)! 5454(4)! 4217(2)! 2238(2)! 25(1)!
C(26)! 7540(4)! 4115(2)! 2800(2)! 26(1)!
C(27)! 8445(3)! 5072(2)! 3707(2)! 21(1)!
C(28)! 6375(3)! 6893(2)! 5869(1)! 21(1)!
_____________________________________________________________________________!!
 Table 3.  Bond lengths [≈] and angles [∞] for sad.!
_____________________________________________________ !
O(1)-C(1) ! 1.442(2)!
O(1)-H(1O) ! 0.806(19)!
O(2)-C(14) ! 1.428(2)!
O(2)-H(2O) ! 0.83(2)!
C(1)-C(2) ! 1.515(3)!
C(1)-C(6) ! 1.533(2)!
C(1)-H(1) ! 1.0000!
C(2)-C(3) ! 1.525(3)!
C(2)-H(2A) ! 0.9900!
C(2)-H(2B) ! 0.9900!
C(3)-C(4) ! 1.526(3)!
C(3)-H(3A) ! 0.9900!
C(3)-H(3B) ! 0.9900!
C(4)-C(5) ! 1.528(3)!
C(4)-H(4A) ! 0.9900!
C(4)-H(4B) ! 0.9900!
C(5)-C(6) ! 1.532(3)!
C(5)-H(5A) ! 0.9900!
C(5)-H(5B) ! 0.9900!
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C(6)-C(7) ! 1.547(2)!
C(6)-H(6) ! 1.0000!
C(7)-C(8) ! 1.520(3)!
C(7)-C(14) ! 1.530(3)!
C(7)-H(7) ! 1.0000!
C(8)-C(13) ! 1.389(3)!
C(8)-C(9) ! 1.394(3)!
C(9)-C(10) ! 1.392(3)!
C(9)-H(9) ! 0.9500!
C(10)-C(11) ! 1.382(3)!
C(10)-H(10) ! 0.9500!
C(11)-C(12) ! 1.386(3)!
C(11)-H(11) ! 0.9500!
C(12)-C(13) ! 1.381(3)!
C(12)-H(12) ! 0.9500!
C(13)-H(13) ! 0.9500!
C(14)-H(14A) ! 0.9900!
C(14)-H(14B) ! 0.9900!
O(3)-C(15) ! 1.442(2)!
O(3)-H(3O) ! 0.85(2)!
O(4)-C(28) ! 1.427(2)!
O(4)-H(4O) ! 0.837(19)!
C(15)-C(16) ! 1.520(3)!
C(15)-C(20) ! 1.531(2)!
C(15)-H(15) ! 1.0000!
C(16)-C(17) ! 1.530(3)!
C(16)-H(16A) ! 0.9900!
C(16)-H(16B) ! 0.9900!
C(17)-C(18) ! 1.524(3)!
C(17)-H(17A) ! 0.9900!
C(17)-H(17B) ! 0.9900!
C(18)-C(19) ! 1.523(3)!
C(18)-H(18A) ! 0.9900!
C(18)-H(18B) ! 0.9900!
C(19)-C(20) ! 1.533(2)!
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C(19)-H(19A) ! 0.9900!
C(19)-H(19B) ! 0.9900!
C(20)-C(21) ! 1.551(2)!
C(20)-H(20) ! 1.0000!
C(21)-C(22) ! 1.520(2)!
C(21)-C(28) ! 1.538(2)!
C(21)-H(21) ! 1.0000!
C(22)-C(27) ! 1.391(3)!
C(22)-C(23) ! 1.395(3)!
C(23)-C(24) ! 1.387(3)!
C(23)-H(23) ! 0.9500!
C(24)-C(25) ! 1.387(3)!
C(24)-H(24) ! 0.9500!
C(25)-C(26) ! 1.383(3)!
C(25)-H(25) ! 0.9500!
C(26)-C(27) ! 1.395(3)!
C(26)-H(26) ! 0.9500!
C(27)-H(27) ! 0.9500!
C(28)-H(28A) ! 0.9900!
C(28)-H(28B) ! 0.9900!!
C(1)-O(1)-H(1O)! 107(2)!
C(14)-O(2)-H(2O)! 109(2)!
O(1)-C(1)-C(2)! 108.29(15)!
O(1)-C(1)-C(6)! 111.02(14)!
C(2)-C(1)-C(6)! 111.81(15)!
O(1)-C(1)-H(1)! 108.5!
C(2)-C(1)-H(1)! 108.5!
C(6)-C(1)-H(1)! 108.5!
C(1)-C(2)-C(3)! 112.75(15)!
C(1)-C(2)-H(2A)! 109.0!
C(3)-C(2)-H(2A)! 109.0!
C(1)-C(2)-H(2B)! 109.0!
C(3)-C(2)-H(2B)! 109.0!
H(2A)-C(2)-H(2B)! 107.8!
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C(2)-C(3)-C(4)! 110.76(16)!
C(2)-C(3)-H(3A)! 109.5!
C(4)-C(3)-H(3A)! 109.5!
C(2)-C(3)-H(3B)! 109.5!
C(4)-C(3)-H(3B)! 109.5!
H(3A)-C(3)-H(3B)! 108.1!
C(3)-C(4)-C(5)! 111.04(16)!
C(3)-C(4)-H(4A)! 109.4!
C(5)-C(4)-H(4A)! 109.4!
C(3)-C(4)-H(4B)! 109.4!
C(5)-C(4)-H(4B)! 109.4!
H(4A)-C(4)-H(4B)! 108.0!
C(4)-C(5)-C(6)! 111.95(15)!
C(4)-C(5)-H(5A)! 109.2!
C(6)-C(5)-H(5A)! 109.2!
C(4)-C(5)-H(5B)! 109.2!
C(6)-C(5)-H(5B)! 109.2!
H(5A)-C(5)-H(5B)! 107.9!
C(5)-C(6)-C(1)! 110.43(15)!
C(5)-C(6)-C(7)! 110.16(14)!
C(1)-C(6)-C(7)! 114.14(14)!
C(5)-C(6)-H(6)! 107.3!
C(1)-C(6)-H(6)! 107.3!
C(7)-C(6)-H(6)! 107.3!
C(8)-C(7)-C(14)! 107.90(15)!
C(8)-C(7)-C(6)! 112.50(14)!
C(14)-C(7)-C(6)! 114.89(15)!
C(8)-C(7)-H(7)! 107.0!
C(14)-C(7)-H(7)! 107.0!
C(6)-C(7)-H(7)! 107.0!
C(13)-C(8)-C(9)! 117.75(17)!
C(13)-C(8)-C(7)! 120.40(16)!
C(9)-C(8)-C(7)! 121.66(16)!
C(10)-C(9)-C(8)! 120.97(18)!
C(10)-C(9)-H(9)! 119.5!
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C(8)-C(9)-H(9)! 119.5!
C(11)-C(10)-C(9)! 120.30(19)!
C(11)-C(10)-H(10)! 119.9!
C(9)-C(10)-H(10)! 119.9!
C(10)-C(11)-C(12)! 119.17(18)!
C(10)-C(11)-H(11)! 120.4!
C(12)-C(11)-H(11)! 120.4!
C(13)-C(12)-C(11)! 120.35(19)!
C(13)-C(12)-H(12)! 119.8!
C(11)-C(12)-H(12)! 119.8!
C(12)-C(13)-C(8)! 121.46(19)!
C(12)-C(13)-H(13)! 119.3!
C(8)-C(13)-H(13)! 119.3!
O(2)-C(14)-C(7)! 109.74(16)!
O(2)-C(14)-H(14A)! 109.7!
C(7)-C(14)-H(14A)! 109.7!
O(2)-C(14)-H(14B)! 109.7!
C(7)-C(14)-H(14B)! 109.7!
H(14A)-C(14)-H(14B)! 108.2!
C(15)-O(3)-H(3O)! 100.9(19)!
C(28)-O(4)-H(4O)! 108.6(19)!
O(3)-C(15)-C(16)! 108.38(16)!
O(3)-C(15)-C(20)! 110.37(15)!
C(16)-C(15)-C(20)! 111.65(14)!
O(3)-C(15)-H(15)! 108.8!
C(16)-C(15)-H(15)! 108.8!
C(20)-C(15)-H(15)! 108.8!
C(15)-C(16)-C(17)! 113.10(17)!
C(15)-C(16)-H(16A)! 109.0!
C(17)-C(16)-H(16A)! 109.0!
C(15)-C(16)-H(16B)! 109.0!
C(17)-C(16)-H(16B)! 109.0!
H(16A)-C(16)-H(16B)! 107.8!
C(18)-C(17)-C(16)! 110.29(16)!
C(18)-C(17)-H(17A)! 109.6!
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C(16)-C(17)-H(17A)! 109.6!
C(18)-C(17)-H(17B)! 109.6!
C(16)-C(17)-H(17B)! 109.6!
H(17A)-C(17)-H(17B)! 108.1!
C(19)-C(18)-C(17)! 110.67(16)!
C(19)-C(18)-H(18A)! 109.5!
C(17)-C(18)-H(18A)! 109.5!
C(19)-C(18)-H(18B)! 109.5!
C(17)-C(18)-H(18B)! 109.5!
H(18A)-C(18)-H(18B)! 108.1!
C(18)-C(19)-C(20)! 112.89(16)!
C(18)-C(19)-H(19A)! 109.0!
C(20)-C(19)-H(19A)! 109.0!
C(18)-C(19)-H(19B)! 109.0!
C(20)-C(19)-H(19B)! 109.0!
H(19A)-C(19)-H(19B)! 107.8!
C(15)-C(20)-C(19)! 110.53(15)!
C(15)-C(20)-C(21)! 114.61(13)!
C(19)-C(20)-C(21)! 109.77(14)!
C(15)-C(20)-H(20)! 107.2!
C(19)-C(20)-H(20)! 107.2!
C(21)-C(20)-H(20)! 107.2!
C(22)-C(21)-C(28)! 109.41(14)!
C(22)-C(21)-C(20)! 110.17(13)!
C(28)-C(21)-C(20)! 115.31(15)!
C(22)-C(21)-H(21)! 107.2!
C(28)-C(21)-H(21)! 107.2!
C(20)-C(21)-H(21)! 107.2!
C(27)-C(22)-C(23)! 118.11(17)!
C(27)-C(22)-C(21)! 121.45(16)!
C(23)-C(22)-C(21)! 120.45(16)!
C(24)-C(23)-C(22)! 121.17(18)!
C(24)-C(23)-H(23)! 119.4!
C(22)-C(23)-H(23)! 119.4!
C(25)-C(24)-C(23)! 120.15(18)!
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C(25)-C(24)-H(24)! 119.9!
C(23)-C(24)-H(24)! 119.9!
C(26)-C(25)-C(24)! 119.45(18)!
C(26)-C(25)-H(25)! 120.3!
C(24)-C(25)-H(25)! 120.3!
C(25)-C(26)-C(27)! 120.28(18)!
C(25)-C(26)-H(26)! 119.9!
C(27)-C(26)-H(26)! 119.9!
C(22)-C(27)-C(26)! 120.83(17)!
C(22)-C(27)-H(27)! 119.6!
C(26)-C(27)-H(27)! 119.6!
O(4)-C(28)-C(21)! 112.40(15)!
O(4)-C(28)-H(28A)! 109.1!
C(21)-C(28)-H(28A)! 109.1!
O(4)-C(28)-H(28B)! 109.1!
C(21)-C(28)-H(28B)! 109.1!
H(28A)-C(28)-H(28B)! 107.9!
_____________________________________________________________ !
Symmetry transformations used to generate equivalent atoms: !!
 Table 4.  Anisotropic displacement parameters  (≈2x 103) for sad.  The anisotropic 
displacement factor exponent takes the form:!
  -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]!
_____________________________________________________________________________
_ !
! U11! U22 ! U33! U23! U13! U12!
_____________________________________________________________________________
_ !
O(1)! 19(1) ! 19(1)! 29(1) ! 7(1)! 3(1) ! 6(1)!
O(2)! 31(1) ! 21(1)! 40(1) ! -2(1)! -17(1) ! 5(1)!
C(1)! 21(1) ! 21(1)! 17(1) ! 0(1)! 2(1) ! 8(1)!
C(2)! 22(1) ! 26(1)! 23(1) ! 9(1)! 5(1) ! 10(1)!
C(3)! 24(1) ! 19(1)! 32(1) ! 4(1)! 6(1) ! 2(1)!
C(4)! 25(1) ! 21(1)! 26(1) ! -2(1)! -2(1) ! 2(1)!
C(5)! 24(1) ! 20(1)! 19(1) ! 2(1)! 1(1) ! 3(1)!
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C(6)! 18(1) ! 16(1)! 19(1) ! 1(1)! 1(1) ! 7(1)!
C(7)! 21(1) ! 15(1)! 21(1) ! 0(1)! 1(1) ! 6(1)!
C(8)! 23(1) ! 13(1)! 21(1) ! 0(1)! 1(1) ! 2(1)!
C(9)! 30(1) ! 28(1)! 30(1) ! 9(1)! 10(1) ! 13(1)!
C(10)! 32(1) ! 28(1)! 36(1) ! 8(1)! 4(1) ! 14(1)!
C(11)! 34(1) ! 19(1)! 26(1) ! 5(1)! -4(1) ! 3(1)!
C(12)! 38(1) ! 25(1)! 24(1) ! 4(1)! 7(1) ! 5(1)!
C(13)! 29(1) ! 19(1)! 26(1) ! 0(1)! 5(1) ! 6(1)!
C(14)! 27(1) ! 16(1)! 27(1) ! 0(1)! -4(1) ! 6(1)!
O(3)! 36(1) ! 21(1)! 21(1) ! 3(1)! -8(1) ! -5(1)!
O(4)! 34(1) ! 18(1)! 17(1) ! 4(1)! 0(1) ! 3(1)!
C(15)! 25(1) ! 19(1)! 19(1) ! 0(1)! 1(1) ! 4(1)!
C(16)! 42(1) ! 14(1)! 25(1) ! 0(1)! 5(1) ! 5(1)!
C(17)! 38(1) ! 14(1)! 28(1) ! 1(1)! 4(1) ! -3(1)!
C(18)! 31(1) ! 17(1)! 28(1) ! 1(1)! 10(1) ! -1(1)!
C(19)! 23(1) ! 16(1)! 25(1) ! -1(1)! 5(1) ! 3(1)!
C(20)! 21(1) ! 13(1)! 17(1) ! 2(1)! 0(1) ! 3(1)!
C(21)! 19(1) ! 14(1)! 19(1) ! 2(1)! -1(1) ! 3(1)!
C(22)! 20(1) ! 10(1)! 18(1) ! 3(1)! 3(1) ! -1(1)!
C(23)! 22(1) ! 15(1)! 21(1) ! 2(1)! 3(1) ! 4(1)!
C(24)! 25(1) ! 21(1)! 18(1) ! 1(1)! 0(1) ! 2(1)!
C(25)! 33(1) ! 18(1)! 20(1) ! -3(1)! 2(1) ! 1(1)!
C(26)! 31(1) ! 14(1)! 32(1) ! -1(1)! 9(1) ! 6(1)!
C(27)! 21(1) ! 15(1)! 27(1) ! 4(1)! 2(1) ! 3(1)!
C(28)! 25(1) ! 19(1)! 18(1) ! 4(1)! 1(1) ! 2(1)!
_____________________________________________________________________________ !!
Table 5.  Hydrogen coordinates ( x 104) and isotropic  displacement parameters !
(≈2x 10 3) for sad.!
_____________________________________________________________________________ !
! x ! y ! z ! U(eq)!
_____________________________________________________________________________ !
 !
H(1O)! 6180(40)! 4200(30)! 7920(20)! 33!
H(2O)! 3420(40)! 1380(30)! 7280(20)! 48!
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H(1)! 8865! 3319! 7303! 23!
H(2A)! 11324! 5921! 7078! 27!
H(2B)! 12861! 4783! 7527! 27!
H(3A)! 11517! 7110! 8766! 31!
H(3B)! 14210! 7183! 8487! 31!
H(4A)! 13501! 6336! 10262! 30!
H(4B)! 14234! 5037! 9561! 30!
H(5A)! 9398! 4922! 10036! 26!
H(5B)! 10900! 3778! 10509! 26!
H(6)! 10857! 2632! 8811! 21!
H(7)! 6265! 2553! 9547! 22!
H(9)! 10470! 219! 9277! 34!
H(10)! 10984! -1693! 10456! 37!
H(11)! 8592! -2292! 11898! 33!
H(12)! 5749! -912! 12173! 36!
H(13)! 5259! 1001! 11009! 29!
H(14A)! 6856! 674! 7781! 29!
H(14B)! 4630! 66! 8506! 29!
H(3O)! 10140(40)! 9150(30)! 6790(20)! 44!
H(4O)! 7420(50)! 6700(30)! 7285(19)! 35!
H(15)! 7860! 10073! 5907! 26!
H(16A)! 10777! 12575! 5884! 33!
H(16B)! 9254! 12103! 4764! 33!
H(17A)! 13327! 13148! 4441! 34!
H(17B)! 14108! 11929! 5221! 34!
H(18A)! 11293! 11094! 3228! 32!
H(18B)! 14006! 10991! 3459! 32!
H(19A)! 12742! 8964! 4649! 26!
H(19B)! 11216! 8463! 3532! 26!
H(20)! 7908! 9140! 4178! 21!
H(21)! 9700! 6913! 5349! 21!
H(23)! 4333! 6945! 3719! 23!
H(24)! 2805! 5333! 2214! 27!
H(25)! 4847! 3573! 1616! 30!
H(26)! 8362! 3390! 2567! 31!
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H(27)! 9874! 4987! 4089! 25!
H(28A)! 5092! 7398! 5655! 26!
H(28B)! 5621! 5745! 5888! 26!
________________________________________________________________ !!!
Table 6.  Torsion angles [∞] for sad.!
________________________________________________________________ !
O(1)-C(1)-C(2)-C(3)! 68.39(19)!
C(6)-C(1)-C(2)-C(3)! -54.2(2)!
C(1)-C(2)-C(3)-C(4)! 54.5(2)!
C(2)-C(3)-C(4)-C(5)! -54.9(2)!
C(3)-C(4)-C(5)-C(6)! 56.3(2)!
C(4)-C(5)-C(6)-C(1)! -55.1(2)!
C(4)-C(5)-C(6)-C(7)! 177.93(15)!
O(1)-C(1)-C(6)-C(5)! -67.42(19)!
C(2)-C(1)-C(6)-C(5)! 53.64(19)!
O(1)-C(1)-C(6)-C(7)! 57.3(2)!
C(2)-C(1)-C(6)-C(7)! 178.38(16)!
C(5)-C(6)-C(7)-C(8)! -71.14(19)!
C(1)-C(6)-C(7)-C(8)! 163.97(15)!
C(5)-C(6)-C(7)-C(14)! 164.88(15)!
C(1)-C(6)-C(7)-C(14)! 40.0(2)!
C(14)-C(7)-C(8)-C(13)! -99.3(2)!
C(6)-C(7)-C(8)-C(13)! 132.91(18)!
C(14)-C(7)-C(8)-C(9)! 75.6(2)!
C(6)-C(7)-C(8)-C(9)! -52.1(3)!
C(13)-C(8)-C(9)-C(10)! 0.2(3)!
C(7)-C(8)-C(9)-C(10)! -174.9(2)!
C(8)-C(9)-C(10)-C(11)! 0.4(3)!
C(9)-C(10)-C(11)-C(12)! -0.8(3)!
C(10)-C(11)-C(12)-C(13)! 0.6(3)!
C(11)-C(12)-C(13)-C(8)! 0.1(3)!
C(9)-C(8)-C(13)-C(12)! -0.5(3)!
C(7)-C(8)-C(13)-C(12)! 174.68(19)!
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C(8)-C(7)-C(14)-O(2)! 157.76(15)!
C(6)-C(7)-C(14)-O(2)! -75.86(19)!
O(3)-C(15)-C(16)-C(17)! 67.8(2)!
C(20)-C(15)-C(16)-C(17)! -54.0(2)!
C(15)-C(16)-C(17)-C(18)! 55.3(2)!
C(16)-C(17)-C(18)-C(19)! -55.3(2)!
C(17)-C(18)-C(19)-C(20)! 56.4(2)!
O(3)-C(15)-C(20)-C(19)! -68.47(18)!
C(16)-C(15)-C(20)-C(19)! 52.2(2)!
O(3)-C(15)-C(20)-C(21)! 56.20(19)!
C(16)-C(15)-C(20)-C(21)! 176.83(16)!
C(18)-C(19)-C(20)-C(15)! -54.3(2)!
C(18)-C(19)-C(20)-C(21)! 178.31(16)!
C(15)-C(20)-C(21)-C(22)! 162.58(14)!
C(19)-C(20)-C(21)-C(22)! -72.35(18)!
C(15)-C(20)-C(21)-C(28)! 38.2(2)!
C(19)-C(20)-C(21)-C(28)! 163.23(15)!
C(28)-C(21)-C(22)-C(27)! -119.87(17)!
C(20)-C(21)-C(22)-C(27)! 112.38(17)!
C(28)-C(21)-C(22)-C(23)! 59.9(2)!
C(20)-C(21)-C(22)-C(23)! -67.82(19)!
C(27)-C(22)-C(23)-C(24)! -0.6(2)!
C(21)-C(22)-C(23)-C(24)! 179.55(15)!
C(22)-C(23)-C(24)-C(25)! -0.4(3)!
C(23)-C(24)-C(25)-C(26)! 1.0(3)!
C(24)-C(25)-C(26)-C(27)! -0.6(3)!
C(23)-C(22)-C(27)-C(26)! 1.0(2)!
C(21)-C(22)-C(27)-C(26)! -179.16(15)!
C(25)-C(26)-C(27)-C(22)! -0.4(3)!
C(22)-C(21)-C(28)-O(4)! 162.04(14)!
C(20)-C(21)-C(28)-O(4)! -73.15(19)!
________________________________________________________________ !
Symmetry transformations used to generate equivalent atoms: !
 !!
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Table 7.  Hydrogen bonds for sad  [≈ and ∞].!
____________________________________________________________________________ !
D-H...A! d(D-H)! d(H...A)! d(D...A)! <(DHA)!
____________________________________________________________________________ !
 O(1)-H(1O)...O(2)! 0.806(19)! 1.96(2)! 2.672(2)! 147(3)!
 O(2)-H(2O)...O(3)#1! 0.83(2)! 1.85(2)! 2.675(2)! 172(3)!
 O(3)-H(3O)...O(4)! 0.85(2)! 1.87(2)! 2.664(2)! 155(3)!
 O(4)-H(4O)...O(1)! 0.837(19)! 1.86(2)! 2.6975(18)! 174(3)!
____________________________________________________________________________ !
Symmetry transformations used to generate equivalent atoms: !
#1 x-1,y-1,z      
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Appendix C: Computational Information and Structures!!!!!!!!!!!!!!!!!!!!!!!!!!
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!!
Computational Details!
All calculations were performed using Gaussian 09 with all geometry optimizations, 
energies and frequencies calculated at the DFT level utilizing the B3LYP hybrid 
functional. ,  The 6-31G** basis set was used for the elements C, H, P, B, F and O in 1 2
conjunction with the LANL2DZ relativistic pseudopotential for Pd and Fe. All free 
energies were calculated at 333.15 K or 273.15 K. The PCM model was used to estimate 
the effect of solvation (THF).  The frequency calculations for transition states 3
demonstrated one imaginary frequency each, and each general transition state was 
found to connected with the correct ground states through IRC calculations. NBO 
analysis was carried out with Gaussian NBO version 3.1.  The three-dimensional 4
structures presented in the figures were visualized utilizing CYLview. !5
! In the calculations presented in Chapter 4, Section III.D regarding oxidative 
addition of Pd into the propargyl acetate, the two oxygens and carbonyl carbon of the 
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 a) Becke, A. D. Phys. Rev. A 1988, 38, 3098. b) C. Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 2
1988, 37, 785.
 a) Miertus, S.; Scrocco, E.; Tomassi, J. Chem. Phys. 1981, 55, 117. b) Barone, V.; Cossi, M.; 3
Tomassi, J. Chem. Phys. 1997, 107, 3210.
 NBO Version 3.1. Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F.4
 CYLview, 1.0b; Legault, C. Y., Université de Sherbrooke, 2009 (http://www.cylview.org).5
acetate group were augmented with diffuse functions to better accommodate the 
developing negative charge.!
Additional Computational Information: !
Chapter 4:!
!
Conformational Analysis about C2-C3 bond for Oxidative Addition:!
! Begin with dihedral at -172.6, scan 73 steps at +5°/step, optimize maximum 10 
cycles/step at B3LYP-PCM(THF)/LANL2DZ-6-31G**.!
!
  !!
!
!
!
!
Dihedral Angle (Pd-C2-C3-O)
GS
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Chapter 1!!
Structures and Energies Figure 1.1!!
!
GS1.A!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H -0.734  6.220  1.009!
H  0.588  7.407 -0.736!
C -0.008  5.677  0.411!
C  0.734  6.344 -0.569!
H  2.062  1.779  5.869!
H -0.401  3.811  1.394!
C  0.180  4.313  0.625!
C  1.927  1.776  4.791!
H  0.454  0.200  4.812!
H  3.335  3.376  4.450!
C  1.028  0.889  4.199!
C  2.644  2.673  3.994!
C  1.664  5.634 -1.329!
H  2.249  6.142 -2.090!
C  0.856  0.889  2.812!
C  2.467  2.678  2.610!
H -2.906 -2.388  3.497!
C  1.118  3.588 -0.133!
C  1.582  1.771  1.999!
C  1.855  4.265 -1.114!
C -5.821  0.385 -0.227!
H  0.145  0.209  2.356!
H  3.007  3.402  2.007!
H -1.414  2.792 -0.714!
H -1.760 -1.280  1.595!
C -2.044 -2.861  3.035!
C -4.598  0.124 -0.991!
H -2.669  1.718 -1.394!
C -1.609  1.964 -1.399!
C -1.402 -2.236  1.962!
P  1.276  1.764  0.177!
H -3.560 -1.047  0.405!
H -0.088  2.684 -2.793!
H  2.588  3.734 -1.711!
C -3.516 -0.585 -0.582!
H -2.068 -4.571  4.348!
H -4.595  0.527 -2.004!
C -1.572 -4.084  3.514!
C -1.079  2.229 -2.749!
H  2.088 -1.527  2.415!
Pd -0.548  0.294 -0.592!
H  4.193  1.531  1.070!
C -0.284 -2.825  1.353!
H  1.031 -1.448 -2.838!
C  2.883  1.355 -0.641!
C  2.779 -1.912  1.672!
H  4.436 -1.886  3.041!
C -1.693  1.972 -3.920!
C -2.280 -0.815 -1.335!
C  4.126  1.332  0.007!
P  0.536 -1.930 -0.042!
C -0.452 -4.676  2.922!
C  0.653 -2.465 -2.779!
C  4.111 -2.118  2.031!
C  0.191 -4.050  1.855!
H -1.218  2.192 -4.873!
H -2.350 -0.506 -2.381!
H -2.691  1.542 -3.960!
C  2.832  1.063 -2.016!
C  2.327 -2.215  0.376!
H  0.788 -2.778 -4.904!
H  1.874  1.057 -2.529!
C  0.308 -3.010 -1.530!
H -1.977 -1.862 -1.281!
C  0.510 -3.213 -3.948!
H -0.075 -5.623  3.297!
C  5.290  1.039 -0.707!
H  6.245  1.020 -0.188!
H  1.072 -4.511  1.420!
C  5.020 -2.624  1.098!
C  3.998  0.783 -2.730!
C -0.210 -4.312 -1.484!
C  5.232  0.771 -2.075!
C  3.250 -2.716 -0.554!
C -0.004 -4.511 -3.890!
H  6.056 -2.788  1.378!
C  4.585 -2.918 -0.194!
H -0.503 -4.750 -0.536!
C -0.368 -5.055 -2.657!
H  3.940  0.569 -3.793!
H -0.127 -5.091 -4.800!
H  2.932 -2.965 -1.560!
H  6.140  0.548 -2.627!
H -0.777 -6.059 -2.603!
H  5.282 -3.314 -0.928!
C -5.957  0.105  1.151!
C -6.935  0.949 -0.883!
C -7.148  0.361  1.825!
C -8.127  1.209 -0.207!
C -8.244  0.913  1.153!
H -8.966  1.643 -0.745!
H -9.170  1.115  1.684!
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H -5.116 -0.306  1.702!
H -7.221  0.135  2.886!
H -6.857  1.182 -1.943!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --    14.4955                15.2706                21.7069!
 Red. masses --     5.8418                 5.6893                 5.7872!!
 ZERO-POINT CORRECTION= 0.773616 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.833261!
 Thermal correction to Enthalpy=                  0.834316!
 Thermal correction to Gibbs Free Energy=         0.668407!
 Sum of electronic and zero-point Energies=          -2664.303266!
 Sum of electronic and thermal Energies=             -2664.243620!
 Sum of electronic and thermal Enthalpies=           -2664.242565!
 Sum of electronic and thermal Free Energies=        -2664.408475!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000009     0.000450                YES!
 RMS     FORCE           0.000001     0.000300                 YES!
________________________________________!!
  !
GS1.B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H  4.269 -4.306 -2.544!
H  5.652 -5.112 -0.637!
C  4.216 -3.806 -1.582!
C  4.993 -4.258 -0.511!
H  4.562  2.741 -4.039!
H  2.774 -2.370 -2.262!
C  3.366 -2.713 -1.418!
C  4.105  2.121 -3.273!
H  2.127  2.234 -4.127!
H  5.954  1.793 -2.209!
C  2.740  1.839 -3.322!
C  4.888  1.590 -2.244!
C  4.916 -3.605  0.719!
H  5.520 -3.945  1.556!
C  2.155  1.041 -2.334!
C  4.306  0.785 -1.264!
H -2.179  2.313 -4.745!
C  3.281 -2.047 -0.182!
C  2.926  0.517 -1.286!
C  4.068 -2.506  0.884!
H -1.829 -3.236 -4.302!
H  1.096  0.811 -2.377!
H  4.932  0.352 -0.490!
H  0.694 -3.202 -1.334!
H -1.278  0.990 -2.860!
C -2.232  2.708 -3.735!
C -2.149 -3.026 -3.285!
H -1.010 -3.494 -0.893!
C -0.066 -3.072 -0.559!
C -1.724  1.959 -2.669!
P  2.118 -0.604 -0.056!
H -1.511 -1.051 -3.382!
H  1.397 -3.398  1.034!
H  4.024 -2.010  1.847!
C -1.974 -1.805 -2.742!
H -3.196  4.544 -4.324!
H -2.621 -3.840 -2.743!
C -2.800  3.960 -3.498!
C  0.369 -3.611  0.744!
H  1.065  3.164 -1.047!
Pd -0.303 -0.949 -0.492!
H  3.742  1.734  1.071!
C -1.778  2.448 -1.357!
H -1.078  0.229  2.637!
C  2.475  0.072  1.626!
C  0.956  3.439 -0.003!
H  2.473  4.955 -0.136!
C -0.365 -4.353  1.595!
C -2.292 -1.331 -1.374!
C  3.281  1.189  1.886!
P -1.036  1.456  0.021!
C -2.850  4.465 -2.195!
C -2.093  0.570  2.451!
C  1.755  4.460  0.510!
C -2.338  3.719 -1.134!
H  0.049 -4.712  2.534!
C -3.328 -2.120 -0.597!
H -1.394 -4.624  1.376!
C  1.862 -0.587  2.709!
C  0.009  2.785  0.805!
H -2.815 -0.151  4.344!
H  1.218 -1.443  2.528!
C -2.402  1.230  1.247!
H -2.650 -0.298 -1.443!
C -3.075  0.348  3.415!
H -3.283  5.443 -2.006!
C  3.486  1.625  3.197!
H  4.108  2.496  3.379!
H -2.368  4.131 -0.130!
C  1.626  4.848  1.846!
C  2.079 -0.156  4.019!
C -3.728  1.624  1.019!
C  2.894  0.952  4.266!
C -0.111  3.184  2.144!
C -4.393  0.753  3.180!
H  2.244  5.646  2.247!
C  0.692  4.206  2.659!
H -3.999  2.119  0.093!
C -4.715  1.382  1.978!
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H  1.608 -0.683  4.843!
H -5.161  0.571  3.926!
H -0.840  2.713  2.793!
H  3.058  1.292  5.285!
H -5.738  1.690  1.781!
H  0.576  4.502  3.697!
C -4.544 -2.486 -1.211!
C -3.177 -2.436  0.760!
C -4.186 -3.086  1.477!
C -5.554 -3.137 -0.503!
C -5.380 -3.443  0.850!
H -4.034 -3.315  2.529!
H -6.164 -3.952  1.405!
H -2.250 -2.169  1.253!
H -4.693 -2.255 -2.262!
H -6.480 -3.402 -1.007!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     9.0205                13.8066                20.5316!
 Red. masses --     4.8749                 5.4583                 5.0531!!
 ZERO-POINT CORRECTION= 0.772825 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.832626!
 Thermal correction to Enthalpy=                  0.833681!
 Thermal correction to Gibbs Free Energy=         0.668396!
 Sum of electronic and zero-point Energies=          -2664.279736!
 Sum of electronic and thermal Energies=             -2664.219935!
 Sum of electronic and thermal Enthalpies=           -2664.218880!
 Sum of electronic and thermal Free Energies=        -2664.384165!!!
         ITEM               VALUE        THRESHOLD      CONVERGED?!
 MAXIMUM FORCE       0.000004     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!
  !
TS1.A!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H  3.191 -2.856  0.835!
C  3.136 -3.227 -0.187!
H  3.926 -3.923 -0.454!
H  0.628 -2.698  0.812!
H -2.456 -5.573  3.728!
C  1.879 -3.383 -0.770!
H -1.234 -3.478  4.293!
C  4.165 -1.636 -1.139!
C  0.673 -2.853 -0.269!
C -2.416 -4.754  3.015!
C -1.730 -3.579  3.333!
H -0.234 -3.295 -0.676!
H  1.843 -3.876 -1.745!
C -3.041 -4.873  1.773!
H  3.590  0.313 -0.433!
C -1.668 -2.535  2.409!
C  3.336 -0.495 -1.117!
H -3.570 -5.786  1.515!
H -1.116 -1.633  2.659!
C -2.993 -3.821  0.854!
Pd  0.276 -0.628 -0.517!
C -2.313 -2.634  1.162!
H  1.965 -1.101 -2.632!
C  2.158 -0.360 -1.858!
H  0.558  0.435  2.454!
H -1.068 -1.873 -2.615!
H -3.486 -3.934 -0.105!
C -2.140 -2.038 -2.688!
C  4.582  3.708  0.133!
H  5.591  4.109  0.153!
C  3.855  3.689 -1.058!
P -2.137 -1.205 -0.003!
H  4.295  4.076 -1.973!
H -2.064 -2.665 -4.747!
H -0.263  0.764  4.762!
C  3.998  3.210  1.300!
H  1.838  0.644 -2.117!
C -2.703 -2.481 -3.888!
C  2.557  3.175 -1.084!
C -0.079  1.287  2.683!
H  4.550  3.226  2.236!
C  2.701  2.693  1.276!
C -2.945 -1.789 -1.566!
C  1.956  2.671  0.084!
H  2.007  3.182 -2.020!
C -0.550  1.466  3.984!
P  0.291  1.850 -0.016!
H -3.616 -0.840  2.618!
H  2.267  2.319  2.197!
C -4.081 -2.680 -3.982!
C -4.333 -1.987 -1.676!
C -0.422  2.189  1.658!
H -4.521 -3.022 -4.915!
C -4.895 -2.430 -2.873!
C -3.930 -0.059  1.935!
C -3.419 -0.015  0.629!
H -1.282  1.311 -2.366!
H -4.979 -1.786 -0.827!
C -1.397  2.536  4.280!
C -0.585  2.976 -1.194!
C -1.272  2.393 -2.269!
H -5.969 -2.579 -2.942!
H -1.773  2.674  5.289!
C -1.280  3.254  1.967!
C -4.858  0.890  2.371!
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H -5.244  0.832  3.385!
C -3.865  1.010 -0.226!
C -1.766  3.423  3.266!
H -3.494  1.068 -1.244!
C -0.544  4.380 -1.104!
C -1.927  3.186 -3.216!
H  0.017  4.857 -0.306!
H -2.452  2.717 -4.043!
H -1.586  3.952  1.196!
C -5.297  1.898  1.512!
C -4.795  1.953  0.209!
H -2.434  4.251  3.484!
C -1.203  5.172 -2.044!
C -1.899  4.577 -3.100!
H -6.022  2.631  1.851!
H -5.129  2.730 -0.473!
H -1.166  6.254 -1.957!
H -2.407  5.195 -3.834!
C  5.471 -1.650 -0.443!
H  4.161 -2.200 -2.068!
C  5.686 -0.976  0.775!
C  6.545 -2.386 -0.979!
C  7.784 -2.432 -0.340!
C  7.984 -1.745  0.860!
C  6.925 -1.017  1.412!
H  8.947 -1.780  1.360!
H  7.064 -0.485  2.350!
H  6.403 -2.922 -1.915!
H  8.596 -3.004 -0.782!
H  4.872 -0.416  1.228!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -424.5883                 3.9850                13.1599!
 Red. masses --    10.2449                 5.9447                 5.3577!!
 ZERO-POINT CORRECTION= 0.771900 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.831082!
 Thermal correction to Enthalpy=                  0.832137!
 Thermal correction to Gibbs Free Energy=         0.665787!
 Sum of electronic and zero-point Energies=          -2664.279049!
 Sum of electronic and thermal Energies=             -2664.219867!
 Sum of electronic and thermal Enthalpies=           -2664.218812!
 Sum of electronic and thermal Free Energies=        -2664.385162!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000015     0.000450     YES!
 RMS     FORCE            0.000002     0.000300     YES!
________________________________________!!
  !
TS1.B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H -1.493  1.334  4.787!
H -3.758  2.367  4.795!
C -1.963  1.627  3.852!
C -3.234  2.208  3.857!
H  2.407  6.125 -0.732!
H -0.314  0.946  2.649!
C -1.296  1.412  2.646!
C  1.767  5.256 -0.607!
H  2.748  4.104 -2.149!
H  0.602  6.137  0.978!
C  1.958  4.123 -1.403!
C  0.755  5.262  0.354!
C -3.829  2.576  2.649!
H -4.817  3.027  2.644!
C  1.144  3.003 -1.231!
C -0.070  4.144  0.517!
H  2.870  2.792  3.518!
C -1.880  1.788  1.423!
C  0.115  3.000 -0.275!
C -3.156  2.372  1.441!
H  1.317  2.117 -1.836!
H -0.857  4.168  1.263!
H  2.047  1.700  1.463!
C  3.286  1.836  3.214!
C  2.822  1.219  2.052!
P -0.918  1.462 -0.131!
H -3.628  2.672  0.511!
H  4.630  1.697  4.898!
C  4.275  1.222  3.988!
H  2.217 -0.372 -2.753!
Pd  0.216 -0.651 -0.172!
H -1.842  3.859 -1.743!
C  3.348 -0.016  1.633!
H  4.951 -2.194 -1.343!
C -2.185  1.743 -1.461!
C  3.187  0.074 -2.549!
H  3.499  0.668 -4.595!
C -2.418  2.994 -2.055!
P  2.672 -0.762  0.075!
C  4.801 -0.006  3.586!
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C  4.463 -2.896 -0.675!
C  3.906  0.667 -3.588!
C  4.345 -0.619  2.415!
C -2.946  0.642 -1.891!
C  3.693  0.057 -1.239!
H  5.752 -4.524 -1.243!
H -2.769 -0.336 -1.454!
C  3.388 -2.475  0.122!
C  4.919 -4.217 -0.616!
H  5.571 -0.491  4.180!
C -3.387  3.140 -3.051!
H -3.551  4.114 -3.503!
H  4.769 -1.571  2.114!
C  5.141  1.268 -3.329!
C -3.922  0.792 -2.877!
C  2.780 -3.413  0.976!
C -4.143  2.040 -3.464!
C  4.936  0.662 -0.992!
C  4.316 -5.134  0.245!
H  5.698  1.739 -4.133!
C  5.652  1.265 -2.029!
H  1.936 -3.112  1.591!
C  3.245 -4.726  1.046!
H -4.503 -0.070 -3.192!
H  4.673 -6.158  0.291!
H  5.348  0.665  0.012!
H -4.896  2.155 -4.238!
H  2.767 -5.432  1.718!
H  6.610  1.733 -1.819!
H -2.926 -3.581 -3.104!
H -1.958 -2.006 -3.218!
C -2.094 -2.979 -2.751!
C -1.264 -3.422 -1.789!
H -1.464 -4.403 -1.357!
C -0.115 -2.700 -1.256!
C -3.506 -2.755  0.461!
H -2.642 -0.956  1.163!
C -2.456 -1.975  0.835!
C -1.069 -2.387  0.827!
H  0.252 -1.941 -1.962!
H  0.680 -3.333 -0.873!
H -0.895 -3.459  0.821!
H -0.436 -1.900  1.578!
C -4.922 -2.386  0.463!
H -3.300 -3.778  0.155!
C -5.883 -3.374  0.161!
C -5.392 -1.088  0.759!
C -6.755 -0.802  0.756!
C -7.246 -3.086  0.158!
C -7.692 -1.797  0.457!
H -8.754 -1.568  0.456!
H -7.089  0.206  0.987!
H -4.688 -0.294  0.987!
H -5.545 -4.381 -0.073!
H -7.961 -3.869 -0.079!!!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -306.3720              10.7424                14.1144!
 Red. masses --     4.3870                 5.6001                 5.5504!!
 ZERO-POINT CORRECTION= 0.770520 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.830734!
 Thermal correction to Enthalpy=                  0.831789!
 Thermal correction to Gibbs Free Energy=         0.660076!
 Sum of electronic and zero-point Energies=          -2664.266023!
 Sum of electronic and thermal Energies=             -2664.205810!
 Sum of electronic and thermal Enthalpies=           -2664.204755!
 Sum of electronic and thermal Free Energies=        -2664.376468!!
         ITEM               ! VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000005     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!
  !
TS1.C!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H -5.231 -0.646 -1.179!
H -6.529  1.363 -1.882!
C -4.786  0.343 -1.122!
C -5.512  1.470 -1.516!
H -1.616  1.464  5.769!
H -2.914 -0.407 -0.383!
C -3.475  0.480 -0.663!
C -1.543  1.537  4.688!
H  0.612  1.400  4.656!
H -3.674  1.683  4.390!
C -0.293  1.505  4.065!
C -2.698  1.658  3.913!
C -4.923  2.733 -1.440!
H -5.480  3.614 -1.746!
C -0.202  1.588  2.675!
C -2.607  1.752  2.522!
H  0.780 -3.037  4.118!
C -2.875  1.749 -0.570!
C -1.357  1.720  1.885!
C -3.615  2.873 -0.966!
C -3.695 -3.540 -0.313!
H  0.776  1.548  2.204!
H -3.513  1.849  1.934!
H -1.937 -0.819 -2.673!
 483
H  0.894 -2.596  1.695!
C  1.458 -2.277  3.742!
C -2.460 -3.309 -1.065!
H -0.548 -1.326 -3.703!
C -0.924 -0.580 -2.998!
C  1.524 -2.026  2.372!
P -1.131  1.825  0.048!
H -1.126 -2.883  0.511!
H -1.418  1.542 -3.038!
H -3.175  3.863 -0.905!
C -1.240 -2.983 -0.569!
H  2.200 -1.737  5.695!
H -2.552 -3.424 -2.145!
C  2.255 -1.546  4.627!
C -0.747  0.798 -3.467!
H  1.867  2.005 -0.487!
Pd  0.352 -0.658 -1.317!
H -1.453  4.356  1.695!
C  2.401 -1.052  1.861!
H  2.944 -1.803 -2.623!
C -0.686  3.612 -0.184!
C  2.947  1.922 -0.434!
H  3.264  4.020 -0.782!
C  0.191  1.230 -4.339!
C -0.035 -2.747 -1.366!
C -0.953  4.612  0.766!
P  2.425 -0.793  0.029!
C  3.120 -0.569  4.133!
C  3.539 -2.420 -1.954!
C  3.738  3.060 -0.604!
C  3.197 -0.324  2.758!
H  0.272  2.277 -4.616!
H -0.136 -3.070 -2.403!
H  0.892  0.543 -4.808!
C -0.029  3.974 -1.373!
C  3.535  0.668 -0.203!
H  4.369 -3.603 -3.548!
H  0.201  3.213 -2.115!
C  3.484 -2.189 -0.569!
H  0.868 -3.171 -0.923!
C  4.336 -3.439 -2.475!
H  3.744  0.003  4.815!
C -0.579  5.936  0.529!
H -0.793  6.696  1.275!
H  3.880  0.433  2.389!
C  5.130  2.957 -0.555!
C  0.338  5.300 -1.612!
C  4.235 -3.012  0.283!
C  0.066  6.284 -0.660!
C  4.936  0.575 -0.160!
C  5.081 -4.254 -1.617!
H  5.747  3.840 -0.693!
C  5.726  1.713 -0.335!
H  4.206 -2.856  1.357!
C  5.026 -4.039 -0.239!
H  0.841  5.561 -2.539!
H  5.696 -5.053 -2.021!
H  5.412 -0.386  0.005!
H  0.356  7.315 -0.841!
H  5.600 -4.670  0.434!
H  6.808  1.625 -0.301!
C -4.855 -3.939 -1.011!
C -3.801 -3.390  1.088!
C -6.058 -4.180 -0.349!
C -5.001 -3.634  1.749!
C -6.139 -4.031  1.038!
H -6.932 -4.487 -0.917!
H -7.074 -4.219  1.558!
H -2.936 -3.077  1.665!
H -5.052 -3.511  2.827!
H -4.802 -4.062 -2.090!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --   -37.5388                 9.6337                16.2908!
 Red. masses --    10.2348                 5.9856                 5.8742!!
 ZERO-POINT CORRECTION= 0.771837 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.831499!
 Thermal correction to Enthalpy=                  0.832554!
 Thermal correction to Gibbs Free Energy=         0.663307!
 Sum of electronic and zero-point Energies=          -2664.294115!
 Sum of electronic and thermal Energies=             -2664.234453!
 Sum of electronic and thermal Enthalpies=           -2664.233398!
 Sum of electronic and thermal Free Energies=        -2664.402645!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000006     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!
Structures and Energies Figure 1.2!!!
  !
GS1.C!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H  0.675 -5.036  0.244!
H  1.879 -1.317  4.736!
C  0.408 -4.045  0.599!
H  1.986 -1.601  2.290!
H  0.971 -3.663  1.448!
C -0.576 -3.330  0.027!
H -1.116 -3.773 -0.811!
H -0.566 -1.660  1.384!
 484
C  1.796 -0.447  4.091!
C  1.850 -0.607  2.706!
C -1.011 -1.984  0.440!
H -2.094 -1.855  0.449!
H -0.034  2.404 -0.722!
H  2.274 -1.774 -1.963!
C  1.635  0.826  4.644!
H  1.591  0.951  5.722!
C  1.753  0.505  1.852!
C  0.974  2.731 -0.966!
H  0.318  4.638 -1.718!
P  1.710  0.224  0.028!
C  3.188 -1.673 -1.383!
H  4.270 -3.129 -2.541!
C  1.171  3.992 -1.530!
Pd -0.371 -0.598 -0.977!
C  1.534  1.936  3.804!
C  4.310 -2.437 -1.705!
C  2.065  1.881 -0.709!
C  3.221 -0.775 -0.304!
C  1.593  1.779  2.417!
H -1.764 -0.609 -3.037!
C -2.119 -1.025 -2.082!
H  1.414  2.930  4.225!
C  2.460  4.416 -1.860!
H -3.256  0.776 -1.662!
C -3.272 -0.308 -1.541!
C  5.476 -2.321 -0.945!
H  1.516  2.653  1.779!
C  3.356  2.318 -1.045!
C  4.397 -0.668  0.457!
H  2.615  5.394 -2.307!
H -2.278 -2.103 -2.170!
C  3.550  3.576 -1.618!
H  6.348 -2.920 -1.191!
C -4.322 -0.870 -0.888!
C  5.517 -1.437  0.137!
H  4.438  0.009  1.305!
H  4.212  1.677 -0.865!
C -5.458 -0.178 -0.277!
H -4.352 -1.958 -0.818!
H  4.554  3.899 -1.877!
H  6.421 -1.347  0.733!
C -5.542  1.226 -0.150!
C -6.539 -0.937  0.219!
C -7.650 -0.331  0.802!
C -6.654  1.832  0.430!
C -7.718  1.061  0.910!
H -6.689  2.916  0.513!
H -8.581  1.537  1.364!
H -4.725  1.850 -0.500!
H -6.499 -2.021  0.139!
H -8.465 -0.946  1.173!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     8.5693                13.3719                24.3896!
 Red. masses --     5.6910                 6.2055                 4.4365!!
 ZERO-POINT CORRECTION= 0.496330 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.535067!
 Thermal correction to Enthalpy=                  0.536122!
 Thermal correction to Gibbs Free Energy=         0.413883!
 Sum of electronic and zero-point Energies=          -1628.257069!
 Sum of electronic and thermal Energies=             -1628.218331!
 Sum of electronic and thermal Enthalpies=           -1628.217276!
 Sum of electronic and thermal Free Energies=        -1628.339515!!
         ITEM                    VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000014     0.000450     YES!
 RMS     FORCE            0.000002     0.000300     YES!
________________________________________!!
  !
GS1.D!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H  2.163  5.080  2.049!
H  5.449  0.045  1.801!
C  2.056  4.691  1.040!
H  3.003  0.341  1.812!
H  1.864  5.416  0.252!
C  2.159  3.375  0.775!
H  2.366  2.708  1.615!
H  2.763  1.938 -0.697!
C  4.851 -0.398  1.010!
C  3.467 -0.229  1.012!
C  2.021  2.724 -0.541!
H  2.045  3.441 -1.365!
H  0.283 -0.300 -2.818!
H -1.356  0.282  1.705!
C  5.467 -1.133 -0.008!
H  6.545 -1.263 -0.012!
 485
C  2.672 -0.800  0.003!
C  0.022 -1.314 -2.526!
H -0.581 -1.889 -4.511!
P  0.854 -0.471  0.007!
C -0.828 -0.504  2.237!
H -2.190 -0.494  3.902!
C -0.469 -2.208 -3.479!
Pd  0.137  1.734 -0.588!
C  4.688 -1.697 -1.019!
C -1.298 -0.942  3.476!
C  0.180 -1.709 -1.187!
C  0.320 -1.075  1.666!
C  3.300 -1.533 -1.015!
H -0.507  4.443 -1.046!
C -0.830  3.476 -1.418!
H  5.157 -2.271 -1.813!
C -0.823 -3.506 -3.102!
C -1.885  2.803 -0.736!
C -0.619 -1.950  4.165!
H  2.709 -1.983 -1.806!
C -0.178 -3.015 -0.819!
C  0.996 -2.089  2.366!
H -1.213 -4.201 -3.840!
H -0.706  3.326 -2.490!
C -0.679 -3.905 -1.771!
H -0.980 -2.287  5.132!
C -2.349  1.543 -1.109!
C  0.528 -2.521  3.608!
H  1.891 -2.535  1.946!
H -0.076 -3.339  0.211!
H -0.958 -4.911 -1.471!
H  1.061 -3.303  4.141!
C -3.362  0.747 -0.406!
H -2.091  1.184 -2.104!
H -2.217  3.224  0.211!
C -3.956  1.141  0.813!
C -3.785 -0.472 -0.974!
C -4.924  0.349  1.427!
C -4.752 -1.263 -0.357!
C -5.329 -0.858  0.849!
H -3.665  2.075  1.283!
H -5.368  0.679  2.363!
H -6.084 -1.472  1.331!
H -3.341 -0.798 -1.912!
H -5.056 -2.198 -0.820!!!!!!!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --    10.6718                19.3604                26.8192!
 Red. masses --     5.1087                 4.6804                 4.1352!!
 ZERO-POINT CORRECTION= 0.496658 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.535208!
 Thermal correction to Enthalpy=                  0.536263!
 Thermal correction to Gibbs Free Energy=         0.416380!
 Sum of electronic and zero-point Energies=          -1628.270146!
 Sum of electronic and thermal Energies=             -1628.231596!
 Sum of electronic and thermal Enthalpies=           -1628.230541!
 Sum of electronic and thermal Free Energies=        -1628.350424!!
         ITEM                   VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000009     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!
  !
GS1.E!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H -0.662 -3.981 -3.441!
H  3.733 -2.726 -2.969!
C -0.299 -3.642 -2.475!
H  1.947 -1.120 -2.415!
H  0.778 -3.613 -2.336!
C -1.146 -3.279 -1.493!
H -2.216 -3.347 -1.695!
H  0.288 -2.941  0.069!
C  3.613 -2.391 -1.943!
C  2.605 -1.479 -1.629!
C -0.773 -2.805 -0.149!
H -1.402 -3.221  0.641!
H  0.032 -0.547  2.677!
H -0.714  2.136 -1.076!
C  4.461 -2.873 -0.942!
H  5.243 -3.586 -1.187!
C  2.441 -1.021 -0.310!
C  0.778  0.225  2.846!
H  0.524  0.218  4.985!
P  1.050  0.135  0.063!
C  0.285  2.374 -1.429!
 486
H -0.375  4.103 -2.526!
C  1.053  0.660  4.145!
Pd -1.194 -0.739  0.016!
C  4.296 -2.436  0.372!
C  0.476  3.488 -2.249!
C  1.453  0.782  1.748!
C  1.373  1.566 -1.061!
C  3.294 -1.513  0.688!
C -3.303 -1.163  0.169!
H  4.950 -2.805  1.157!
C  1.998  1.665  4.359!
H -3.492 -1.061  2.345!
C -3.607 -1.724  1.488!
C  1.753  3.803 -2.719!
H  3.186 -1.175  1.713!
C  2.401  1.792  1.974!
C  2.653  1.890 -1.540!
H  2.208  2.010  5.367!
C  2.669  2.231  3.272!
H  1.899  4.666 -3.363!
C -4.001 -2.991  1.722!
C  2.840  3.001 -2.364!
H  3.505  1.271 -1.278!
H  2.927  2.243  1.139!
H -4.186 -3.349  2.730!
H -4.150 -3.701  0.912!
H  3.402  3.017  3.433!
H  3.835  3.238 -2.729!
C -3.427  0.277 -0.108!
H -3.632 -1.793 -0.658!
C -3.785  0.733 -1.405!
C -3.090  1.266  0.855!
C -3.145  2.630  0.539!
C -3.521  3.048 -0.735!
C -3.838  2.086 -1.708!
H -4.133  2.401 -2.705!
H -3.572  4.106 -0.974!
H -4.039 -0.003 -2.164!
H -2.828  0.969  1.865!
H -2.897  3.362  1.303!!!!!!!!!!!!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     9.2466                25.0000                26.4430!
 Red. masses --     5.2183                 4.2238                 4.3802!!
 ZERO-POINT CORRECTION= 0.496321 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.535157!
 Thermal correction to Enthalpy=                  0.536212!
 Thermal correction to Gibbs Free Energy=         0.416355!
 Sum of electronic and zero-point Energies=          -1628.257104!
 Sum of electronic and thermal Energies=             -1628.218268!
 Sum of electronic and thermal Enthalpies=           -1628.217213!
 Sum of electronic and thermal Free Energies=        -1628.337070!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000012     0.000450     YES!
 RMS     FORCE            0.000002     0.000300     YES!
________________________________________!!
  !
TS1.D!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C  5.346  0.318  0.201!
H -1.143  4.483 -2.033!
C  3.910  0.074  0.452!
H -1.195  2.016 -1.995!
H  3.663 -0.100  1.497!
C  2.889  0.610 -0.339!
H  3.132  0.927 -1.352!
H  0.942  1.455 -0.477!
C -1.488  3.966 -1.142!
C -1.520  2.572 -1.120!
C  1.549  0.731  0.062!
H  1.345  0.688  1.133!
H -0.754 -0.990  2.421!
H -2.331 -2.358 -1.567!
C -1.892  4.695 -0.019!
H -1.860  5.780 -0.032!
C -1.972  1.881  0.020!
C -1.822 -0.926  2.614!
H -1.663 -1.666  4.630!
P -1.912  0.035 -0.011!
C -3.140 -1.685 -1.840!
H -4.030 -3.083 -3.213!
C -2.335 -1.311  3.854!
Pd  0.219 -0.994 -0.459!
 487
C -2.330  4.019  1.121!
C -4.096 -2.093 -2.770!
C -2.674 -0.465  1.598!
C -3.207 -0.409 -1.254!
C -2.372  2.622  1.141!
H  0.875 -3.178 -0.998!
C  1.714 -2.466 -0.973!
H -2.643  4.578  1.999!
C -3.710 -1.249  4.090!
C  2.659 -2.638  0.061!
C -5.128 -1.226 -3.140!
H -2.720  2.113  2.034!
C -4.056 -0.408  1.846!
C -4.247  0.454 -1.634!
H -4.112 -1.555  5.052!
H  2.109 -2.216 -1.960!
C -4.569 -0.799  3.084!
H -5.868 -1.539 -3.871!
C  3.956 -2.155  0.008!
C -5.199  0.047 -2.572!
H -4.312  1.449 -1.204!
H -4.734 -0.066  1.070!
H -5.639 -0.754  3.261!
H -5.997  0.728 -2.858!
H  4.656 -2.372  0.808!
H  4.404 -1.943 -0.958!
H  2.307 -3.071  0.999!
C  5.870  0.578 -1.081!
C  7.232  0.807 -1.268!
C  6.248  0.286  1.281!
C  7.611  0.515  1.095!
C  8.112  0.779 -0.182!
H  7.609  1.005 -2.267!
H  9.173  0.957 -0.330!
H  5.868  0.084  2.280!
H  8.282  0.489  1.950!
H  5.209  0.593 -1.943!!
                                  1                           2                            3!
                                  A                           A                            A!!
 Frequencies --  -320.4534                10.3579                16.0055!
 Red. masses --    10.5684                 6.0746                 4.2891! !
 ZERO-POINT CORRECTION= 0.496047 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.533719!
 Thermal correction to Enthalpy=                  0.534774!
 Thermal correction to Gibbs Free Energy=         0.416505!
 Sum of electronic and zero-point Energies=          -1628.246601!
 Sum of electronic and thermal Energies=             -1628.208930!
 Sum of electronic and thermal Enthalpies=           -1628.207875!
 Sum of electronic and thermal Free Energies=        -1628.326144!!
         ITEM                   VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000002     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!
  !
TS1.E!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H -1.272  4.037 -3.014!
C  3.869  0.078 -0.880!
H -0.985  1.670 -2.344!
C  3.448 -1.108 -1.373!
H  4.147 -1.942 -1.424!
H  2.005 -2.169 -2.576!
C -1.672  3.692 -2.065!
C -1.515  2.357 -1.690!
C  2.085 -1.379 -1.832!
H  1.603 -0.452 -2.223!
H  0.048  0.425  2.137!
H -2.359 -2.615 -0.859!
C -2.331  4.584 -1.215!
H -2.446  5.626 -1.501!
C -2.027  1.890 -0.468!
C -0.924  0.262  2.595!
H -0.167  0.416  4.603!
P -1.791  0.098 -0.058!
C -3.284 -2.067 -1.017!
H -4.362 -3.790 -1.726!
C -1.044  0.249  3.985!
Pd  0.197 -0.844 -0.791!
C -2.836  4.134  0.007!
C -4.410 -2.726 -1.511!
C -2.047  0.053  1.776!
C -3.325 -0.693 -0.731!
C -2.687  2.795  0.378!
H  0.471 -3.239 -0.524!
C  1.423 -2.754 -0.294!
H -3.344  4.823  0.674!
C -2.287  0.010  4.578!
C  1.623 -2.408  1.119!
C -5.592 -2.017 -1.740!
H -3.083  2.458  1.331!
C -3.290 -0.186  2.381!
C -4.516  0.011 -0.968!
 488
H -2.380 -0.010  5.660!
H  2.240 -3.331 -0.717!
C -3.407 -0.210  3.774!
H -6.466 -2.527 -2.133!
C  2.818 -2.335  1.735!
C -5.641 -0.648 -1.470!
H -4.569  1.076 -0.765!
H -4.169 -0.358  1.769!
H -4.375 -0.401  4.228!
H -6.555 -0.089 -1.652!
H  2.896 -2.077  2.787!
H  3.748 -2.535  1.211!
H  0.727 -2.189  1.696!
C  5.214  0.423 -0.410!
H  3.141  0.888 -0.829!
C  5.452  1.729  0.060!
C  6.295 -0.483 -0.406!
C  7.552 -0.096  0.049!
C  6.711  2.117  0.517!
C  7.769  1.206  0.514!
H  8.752  1.504  0.869!
H  8.369 -0.812  0.042!
H  4.634  2.445  0.065!
H  6.865  3.132  0.874!
H  6.153 -1.499 -0.763!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -348.8271                 3.8494                10.9231!
 Red. masses --     4.5387                 5.2304                 6.0044!!
 ZERO-POINT CORRECTION= 0.495739 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.534003!
 Thermal correction to Enthalpy=                  0.535058!
 Thermal correction to Gibbs Free Energy=         0.411974!
 Sum of electronic and zero-point Energies=          -1628.226725!
 Sum of electronic and thermal Energies=             -1628.188460!
 Sum of electronic and thermal Enthalpies=           -1628.187405!
 Sum of electronic and thermal Free Energies=        -1628.310490!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000004     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!!!!
  !
TS1.F!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H -3.652 -4.662 -0.425!
H  3.253 -2.740 -3.546!
C -2.856 -3.979 -0.149!
H  1.760 -0.981 -2.678!
H -2.426 -4.128  0.838!
C -2.129 -3.324 -1.122!
H -2.557 -3.278 -2.126!
H -0.304 -2.422 -1.773!
C  3.203 -2.558 -2.476!
C  2.359 -1.563 -1.983!
C -0.926 -2.605 -0.897!
H -0.348 -2.906 -0.023!
H -0.161 -1.037  2.380!
H -0.214  2.471 -0.662!
C  3.976 -3.322 -1.597!
H  4.629 -4.100 -1.980!
C  2.286 -1.302 -0.602!
C  0.696 -0.464  2.722!
H  0.331 -0.867  4.806!
P  1.089 -0.023 -0.013!
C  0.823  2.591 -0.962!
H  0.537  4.612 -1.639!
C  0.971 -0.363  4.088!
Pd -1.239 -0.486 -0.340!
C  3.902 -3.080 -0.225!
C  1.247  3.800 -1.516!
C  1.512  0.179  1.777!
C  1.724  1.528 -0.793!
C  3.064 -2.076  0.271!
C -3.182  1.024 -0.184!
C -3.477 -0.412 -0.309!
H  4.498 -3.669  0.466!
C  2.060  0.394  4.527!
C -3.874 -1.260  0.759!
C  2.574  3.959 -1.919!
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H  3.023 -1.897  1.340!
C  2.604  0.937  2.230!
C  3.057  1.697 -1.203!
H  2.271  0.480  5.589!
H -3.856 -0.699 -1.290!
C  2.873  1.044  3.596!
H  2.903  4.897 -2.357!
C -4.480 -2.482  0.556!
C  3.477  2.905 -1.763!
H  3.767  0.884 -1.093!
H  3.243  1.451  1.519!
H  3.719  1.638  3.932!
H  4.510  3.021 -2.078!
H -4.807 -3.079  1.401!
H -4.982 -2.683 -0.384!
H -3.600 -0.982  1.775!
C -2.772  1.628  1.032!
C -3.283  1.862 -1.323!
C -2.522  3.001  1.105!
C -3.037  3.228 -1.243!
C -2.660  3.809 -0.024!
H -2.476  4.878  0.040!
H -3.144  3.846 -2.129!
H -2.692  1.028  1.932!
H -2.224  3.438  2.054!
H -3.586  1.421 -2.269!!
                                 1                              2                         3!
             !               A                              A                          A!
 Frequencies --  -300.1117                 6.7275                21.1235!
 Red. masses --    10.0600                 5.2615                 4.0643!!
 ZERO-POINT CORRECTION= 0.496086 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.533800!
 Thermal correction to Enthalpy=                  0.534855!
 Thermal correction to Gibbs Free Energy=         0.417492!
 Sum of electronic and zero-point Energies=          -1628.251657!
 Sum of electronic and thermal Energies=             -1628.213943!
 Sum of electronic and thermal Enthalpies=           -1628.212888!
 Sum of electronic and thermal Free Energies=        -1628.330251!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000004     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!
  !
TS1.G!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
H -3.303  3.715  2.353!
H  1.241 -2.241  4.487!
C -2.849  2.805  1.975!
H  0.331 -1.526  2.296!
H -1.791  2.656  2.178!
C -3.569  1.892  1.302!
H -4.620  2.108  1.115!
C -3.974 -0.444  0.345!
C  1.874 -1.700  3.790!
C  1.363 -1.304  2.554!
C -3.040  0.636  0.763!
H -2.263  0.226  1.449!
H  1.297  2.727  0.364!
H  0.333 -1.010 -2.520!
C  3.193 -1.390  4.134!
H  3.589 -1.689  5.100!
C  2.165 -0.605  1.635!
C  2.190  2.543 -0.228!
H  2.723  4.625 -0.345!
P  1.411 -0.134  0.010!
C  1.132 -1.710 -2.286!
H  0.856 -2.854 -4.088!
C  2.990  3.613 -0.633!
Pd -0.832  0.387  0.080!
C  3.996 -0.687  3.234!
C  1.423 -2.752 -3.167!
C  2.519  1.225 -0.587!
C  1.854 -1.556 -1.091!
C  3.488 -0.299  1.992!
H -2.122  0.608 -1.918!
C -2.483  1.411 -1.270!
H  5.020 -0.438  3.497!
C  4.122  3.381 -1.418!
C -1.775  2.679 -1.351!
C  2.432 -3.668 -2.858!
H  4.124  0.248  1.303!
C  3.658  1.004 -1.376!
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C  2.864 -2.483 -0.790!
H  4.740  4.214 -1.743!
H -3.564  1.484 -1.317!
C  4.453  2.077 -1.790!
H  2.653 -4.486 -3.537!
C -2.314  3.881 -1.048!
C  3.148 -3.533 -1.667!
H  3.430 -2.391  0.132!
H  3.926 -0.005 -1.672!
H  5.329  1.891 -2.404!
H  3.930 -4.245 -1.417!
H -1.733  4.795 -1.122!
H -3.352  3.982 -0.749!
H -0.730  2.640 -1.654!
C -5.256 -0.184 -0.178!
C -3.580 -1.792  0.466!
C -6.104 -1.225 -0.559!
C -4.425 -2.831  0.085!
C -5.695 -2.554 -0.430!
H -4.094 -3.860  0.195!
H -6.356 -3.363 -0.726!
H -2.593 -2.015  0.864!
H -5.602  0.839 -0.290!
H -7.088 -0.995 -0.957!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -286.3208                -7.1746                11.4065!
 Red. masses --     4.9326                 4.9272                 5.9801!!
 ZERO-POINT CORRECTION= 0.494866 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.532371!
 Thermal correction to Enthalpy=                  0.533426!
 Thermal correction to Gibbs Free Energy=         0.415841!
 Sum of electronic and zero-point Energies=          -1628.218114!
 Sum of electronic and thermal Energies=             -1628.180609!
 Sum of electronic and thermal Enthalpies=           -1628.179554!
 Sum of electronic and thermal Free Energies=        -1628.297139!!
         ITEM                   VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000004     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!!!!!!!!
Structures and Energies Figure 1.3!!
  !
GS1.F!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C -4.824 -0.133 -0.447!
H -0.834  4.111 -2.044!
C -3.664 -0.783 -1.058!
H -0.475  2.405 -0.302!
H -3.853 -1.781 -1.457!
C -2.411 -0.277 -1.186!
H -2.225  0.734 -0.822!
H -0.610 -0.290 -2.340!
C -0.006  3.415 -2.138!
C  0.196  2.446 -1.155!
C -1.252 -0.961 -1.765!
H -1.525 -1.837 -2.358!
H  2.624 -1.965 -1.466!
H  0.406 -0.486  2.637!
C  0.852  3.488 -3.239!
H  0.694  4.241 -4.005!
C  1.267  1.540 -1.252!
C  3.451 -1.454 -0.981!
H  4.941 -2.763 -1.817!
P  1.437  0.208  0.019!
C  0.814  0.515  2.734!
H  0.327  0.675  4.825!
C  4.757 -1.907 -1.175!
Pd -0.045 -1.644 -0.130!
C  1.913  2.588 -3.348!
C  0.767  1.172  3.966!
C  3.192 -0.344 -0.158!
C  1.376  1.140  1.611!
C  2.120  1.619 -2.362!
H -2.059 -3.699 -0.204!
C -0.984 -3.632 -0.073!
H  2.586  2.638 -4.199!
C  5.821 -1.265 -0.537!
C -0.460 -3.382  1.223!
C  1.277  2.466  4.088!
H  2.952  0.930 -2.460!
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C  4.268  0.292  0.478!
C  1.877  2.447  1.742!
H  6.837 -1.621 -0.680!
H -0.384 -4.172 -0.803!
C  5.573 -0.169  0.292!
H  1.237  2.980  5.044!
C  0.897 -3.137  1.444!
C  1.829  3.103  2.973!
H  2.295  2.960  0.882!
H  4.093  1.143  1.128!
H  6.395  0.330  0.796!
H  2.220  4.112  3.060!
H  1.243 -2.821  2.422!
H  1.653 -3.532  0.771!
H -1.162 -3.139  2.021!
C -6.087 -0.756 -0.536!
C -4.760  1.100  0.242!
C -7.227 -0.180  0.022!
C -5.900  1.676  0.797!
C -7.144  1.043  0.692!
H -8.184 -0.688 -0.067!
H -8.030  1.494  1.130!
H -6.166 -1.708 -1.057!
H -3.807  1.608  0.351!
H -5.817  2.624  1.322!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --    10.1685                12.7816                27.8464!
 Red. masses --     6.2746                 6.0564                 3.6665!!
 ZERO-POINT CORRECTION= 0.497143 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.535363!
 Thermal correction to Enthalpy=                  0.536418!
 Thermal correction to Gibbs Free Energy=         0.417489!
 Sum of electronic and zero-point Energies=          -1628.273407!
 Sum of electronic and thermal Energies=             -1628.235187!
 Sum of electronic and thermal Enthalpies=           -1628.234132!
 Sum of electronic and thermal Free Energies=        -1628.353061!!
         ITEM                    VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000006     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!
  !
TS1.H!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C -0.946 -1.536  1.557!
P -0.989 -0.526  0.007!
C -0.592 -1.762 -1.314!
C -2.796 -0.206 -0.251!
C -3.817 -0.920  0.396!
C -3.152  0.825 -1.137!
C -1.570 -2.468 -2.032!
C  0.763 -1.998 -1.602!
C -0.721 -0.868  2.773!
C -1.123 -2.928  1.574!
C -4.492  1.123 -1.386!
C -5.159 -0.613  0.156!
C -5.500  0.406 -0.736!
H -3.568 -1.716  1.091!
H -5.938 -1.171  0.668!
H -6.543  0.643 -0.920!
H -2.369  1.398 -1.628!
H -4.748  1.921 -2.077!
C -0.691 -1.572  3.977!
C -0.873 -2.957  3.983!
C -1.086 -3.633  2.780!
H -1.285 -3.467  0.645!
H -0.841 -3.507  4.919!
H -1.221 -4.711  2.777!
H -0.561  0.207  2.767!
H -0.517 -1.040  4.909!
C -1.199 -3.392 -3.012!
C  1.131 -2.930 -2.573!
C  0.150 -3.628 -3.283!
H  1.530 -1.446 -1.067!
H  2.183 -3.103 -2.780!
H  0.435 -4.346 -4.046!
H -2.622 -2.297 -1.830!
H -1.968 -3.928 -3.563!
C -0.801  3.507  0.630!
C -1.334  4.482 -0.325!
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C -1.197  5.817 -0.242!
C  1.227  3.511 -0.147!
C  2.248  2.546  0.218!
C  2.696  1.522 -0.611!
H  1.024  3.636 -1.208!
H -0.488  3.920  1.586!
H -1.482  2.667  0.777!
H  1.264  4.457  0.380!
H -1.863  4.066 -1.184!
H -1.614  6.480 -0.994!
H -0.685  6.286  0.596!
H  2.657  2.624  1.224!
C  3.752  0.552 -0.290!
H  2.417  1.562 -1.662!
Pd  0.358  1.358  0.117!
C  4.309 -0.215 -1.333!
C  5.325 -1.140 -1.092!
C  4.256  0.349  1.012!
C  5.273 -0.571  1.251!
C  5.816 -1.322  0.203!
H  5.736 -1.715 -1.917!
H  6.608 -2.041  0.395!
H  3.842  0.907  1.847!
H  5.643 -0.707  2.264!
H  3.940 -0.075 -2.346!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -337.1142                 4.1131                14.8423!
 Red. masses --     4.7257                 5.6194                 4.2253!!
 ZERO-POINT CORRECTION= 0.496035 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.534214!
 Thermal correction to Enthalpy=                  0.535269!
 Thermal correction to Gibbs Free Energy=         0.413919!
 Sum of electronic and zero-point Energies=          -1628.231364!
 Sum of electronic and thermal Energies=             -1628.193185!
 Sum of electronic and thermal Enthalpies=           -1628.192130!
 Sum of electronic and thermal Free Energies=        -1628.313480!!
         ITEM                    VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000000     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!!!
  !
TS1.I!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C -2.900 -1.013 -0.900!
P -1.591 -0.053 -0.004!
C -2.026  1.698 -0.423!
C -2.085 -0.212  1.773!
C -3.017 -1.161  2.218!
C -1.433  0.590  2.728!
C -2.925  2.479  0.320!
C -1.428  2.259 -1.564!
C -2.576 -2.278 -1.411!
C -4.207 -0.526 -1.073!
C -1.714  0.453  4.086!
C -3.290 -1.304  3.582!
C -2.642 -0.499  4.519!
H -3.533 -1.792  1.503!
H -4.014 -2.046  3.907!
H -2.857 -0.610  5.577!
H -0.708  1.334  2.408!
H -1.205  1.086  4.807!
C -3.538 -3.046 -2.073!
C -4.833 -2.553 -2.240!
C -5.165 -1.291 -1.739!
H -4.478  0.454 -0.693!
H -5.580 -3.146 -2.760!
H -6.170 -0.900 -1.869!
H -1.562 -2.650 -1.293!
H -3.271 -4.024 -2.464!
C -3.219  3.788 -0.071!
C -1.729  3.563 -1.960!
C -2.625  4.332 -1.212!
H -0.718  1.670 -2.139!
H -1.259  3.980 -2.846!
H -2.854  5.350 -1.514!
H -3.393  2.071  1.210!
H -3.913  4.381  0.517!
C  2.241  1.011  0.625!
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C  2.252  2.237 -0.156!
C  3.325  3.024 -0.377!
C  3.087 -0.603 -0.840!
C  2.389 -1.876 -0.837!
C  1.415 -2.259 -1.761!
H  2.920  0.014 -1.719!
H  3.129  0.795  1.208!
H  1.337  0.868  1.223!
C  4.459 -0.510 -0.307!
H  1.300  2.528 -0.599!
H  3.249  3.926 -0.977!
H  4.297  2.798  0.052!
H  2.660 -2.591 -0.063!
H  1.023 -3.270 -1.726!
H  1.283 -1.728 -2.700!
Pd  0.611 -0.701 -0.301!
C  4.889 -1.229  0.828!
C  5.393  0.322 -0.955!
C  6.200 -1.126  1.285!
C  6.708  0.423 -0.494!
C  7.118 -0.299  0.627!
H  8.140 -0.223  0.985!
H  6.508 -1.689  2.162!
H  5.086  0.877 -1.835!
H  7.411  1.066 -1.017!
H  4.189 -1.862  1.364!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -289.4587                13.3928                18.9698!
 Red. masses --     5.4230                 4.9480                 4.9967!!
 ZERO-POINT CORRECTION= 0.495897 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.533856!
 Thermal correction to Enthalpy=                  0.534911!
 Thermal correction to Gibbs Free Energy=         0.416844!
 Sum of electronic and zero-point Energies=          -1628.222741!
 Sum of electronic and thermal Energies=             -1628.184782!
 Sum of electronic and thermal Enthalpies=           -1628.183727!
 Sum of electronic and thermal Free Energies=        -1628.301794!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000000     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!!!!!
  !
TS1.J!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C  3.426 -0.521 -0.540!
P  1.778  0.119  0.004!
C  2.137  0.951  1.617!
C  1.481  1.549 -1.137!
C  2.413  1.998 -2.085!
C  0.230  2.188 -1.068!
C  2.553  2.289  1.713!
C  1.989  0.202  2.796!
C  3.447 -1.592 -1.448!
C  4.646  0.010 -0.093!
C -0.075  3.255 -1.912!
C  2.102  3.060 -2.938!
C  0.861  3.692 -2.854!
H  3.385  1.520 -2.160!
H  2.834  3.393 -3.669!
H  0.621  4.517 -3.519!
H -0.508  1.847 -0.346!
H -1.045  3.739 -1.841!
C  4.657 -2.111 -1.911!
C  5.866 -1.574 -1.459!
C  5.857 -0.516 -0.548!
H  4.654  0.833  0.615!
H  6.809 -1.983 -1.811!
H  6.793 -0.099 -0.189!
H  2.507 -2.024 -1.783!
H  4.656 -2.938 -2.615!
C  2.819  2.860  2.960!
C  2.262  0.772  4.040!
C  2.677  2.103  4.125!
H  1.652 -0.829  2.732!
H  2.143  0.179  4.943!
H  2.882  2.550  5.093!
H  2.664  2.889  0.816!
H  3.137  3.897  3.019!
C -1.998 -0.981 -1.225!
C -3.150 -0.283 -0.682!
C -4.442 -0.652 -0.868!
C -1.952 -2.622  0.245!
C -0.798 -3.478  0.426!
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C  0.119 -3.363  1.467!
H -2.321 -2.091  1.119!
H -2.205 -1.682 -2.030!
H -1.183 -0.308 -1.496!
H -2.750 -3.005 -0.380!
H -2.930  0.583 -0.057!
C -5.639 -0.002 -0.332!
H -4.635 -1.513 -1.510!
H -0.583 -4.192 -0.369!
H  0.971 -4.033  1.512!
H -0.135 -2.845  2.388!
Pd  0.122 -1.502  0.055!
C -6.908 -0.466 -0.736!
C -5.601  1.077  0.579!
C -6.774  1.660  1.051!
C -8.023  1.187  0.634!
C -8.082  0.118 -0.262!
H -8.935  1.644  1.006!
H -9.044 -0.263 -0.594!
H -6.965 -1.297 -1.435!
H -4.646  1.459  0.925!
H -6.714  2.489  1.751!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -330.8333                 9.3062                12.9248!
 Red. masses --     4.9470                 6.3386                 6.1797!
 ZERO-POINT CORRECTION= 0.496451 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.534294!
 Thermal correction to Enthalpy=                  0.535349!
 Thermal correction to Gibbs Free Energy=         0.416165!
 Sum of electronic and zero-point Energies=          -1628.233582!
 Sum of electronic and thermal Energies=             -1628.195739!
 Sum of electronic and thermal Enthalpies=           -1628.194684!
 Sum of electronic and thermal Free Energies=        -1628.313868!!
         ITEM                  VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000000     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!! !!!!!!!
  !!
TS1.K!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C  1.613  1.885  0.154!
P  1.394  0.053  0.007!
C  2.957 -0.507 -0.813!
C  1.600 -0.537  1.751!
C  2.212  0.224  2.759!
C  1.106 -1.813  2.071!
C  4.126 -0.816 -0.099!
C  2.969 -0.615 -2.213!
C  0.514  2.648  0.584!
C  2.814  2.544 -0.151!
C  1.235 -2.323  3.364!
C  2.330 -0.283  4.056!
C  1.845 -1.557  4.360!
H  2.594  1.215  2.536!
H  2.802  0.319  4.827!
H  1.937 -1.948  5.369!
H  0.613 -2.402  1.302!
H  0.851 -3.313  3.594!
C  0.616  4.033  0.716!
C  1.816  4.680  0.408!
C  2.911  3.933 -0.027!
H  3.676  1.977 -0.486!
H  1.893  5.759  0.503!
H  3.847  4.428 -0.271!
H -0.428  2.157  0.813!
H -0.243  4.606  1.053!
C  5.280 -1.222 -0.773!
C  4.126 -1.010 -2.886!
C  5.284 -1.317 -2.167!
H  2.062 -0.397 -2.769!
H  4.120 -1.086 -3.969!
H  6.182 -1.634 -2.689!
H  4.137 -0.745  0.983!
H  6.176 -1.463 -0.208!
C -2.730 -0.857  0.605!
C -2.965 -2.135  1.276!
C -4.039 -2.950  1.237!
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C -2.619 -1.837 -1.488!
C -1.988 -1.203 -2.614!
C -0.714 -1.528 -3.089!
H -2.249 -2.805 -1.164!
C -3.754  0.171  0.309!
H -1.818 -0.390  0.982!
H -3.689 -1.712 -1.380!
H -2.104 -2.487  1.846!
H -4.036 -3.887  1.785!
H -4.936 -2.729  0.668!
H -2.507 -0.357 -3.063!
H -0.311 -0.999 -3.947!
H -0.259 -2.489 -2.863!
Pd -0.596 -0.584 -1.007!
C -3.357  1.353 -0.356!
C -5.107  0.070  0.688!
C -6.013  1.096  0.409!
C -4.261  2.375 -0.633!
C -5.602  2.252 -0.256!
H -3.918  3.269 -1.147!
H -6.311  3.045 -0.475!
H -5.447 -0.797  1.240!
H -7.049  0.990  0.723!
H -2.318  1.450 -0.667!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -269.8842                -5.0253                18.5643!
 Red. masses --     5.4353                 5.3241                 5.2661!!
 ZERO-POINT CORRECTION= 0.495950 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.532873!
 Thermal correction to Enthalpy=                  0.533928!
 Thermal correction to Gibbs Free Energy=         0.419985!
 Sum of electronic and zero-point Energies=          -1628.221645!
 Sum of electronic and thermal Energies=             -1628.184722!
 Sum of electronic and thermal Enthalpies=           -1628.183667!
 Sum of electronic and thermal Free Energies=        -1628.297610!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000001     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!!!!!!!!!!!!
Structures and Energies from Figures 
1.4 and 1.5!!
  !
GS dppe!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.138 -0.225 -0.737!
P -1.940 -1.036  0.643!
P -0.345  1.794  0.600!
C  1.470  0.511 -1.974!
C  0.098 -2.061 -1.822!
C -0.709 -2.060 -3.055!
H -0.226 -2.837 -1.122!
H  1.169 -2.159 -2.014!
C -0.261 -1.946 -4.320!
H -1.789 -2.157 -2.915!
H  0.801 -1.871 -4.544!
H -0.941 -1.933 -5.168!
C  2.752  0.150 -1.368!
H  1.312  1.593 -2.004!
H  1.311  0.076 -2.963!
C  3.608 -0.810 -1.803!
H  3.022  0.711 -0.472!
H  3.359 -1.338 -2.724!
C  4.869 -1.217 -1.180!
C  1.087  2.240  1.669!
C -0.790  3.383 -0.217!
C -1.887 -2.748  1.317!
C -3.647 -0.798 -0.005!
C -1.929  0.040  2.177!
C  1.174  1.839  3.011!
C  2.315  2.121  3.767!
C  2.175  2.927  1.101!
C  3.312  3.210  1.857!
C  3.387  2.806  3.193!
H  0.354  1.308  3.484!
H  2.361  1.807  4.805!
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H  4.273  3.026  3.781!
H  2.129  3.255  0.067!
H  4.139  3.749  1.403!
C -0.776  4.611  0.467!
C -1.199  3.353 -1.559!
C -1.594  4.527 -2.205!
C -1.170  5.781 -0.180!
C -1.580  5.741 -1.517!
H -0.451  4.654  1.502!
H -1.157  6.725  0.356!
H -1.883  6.655 -2.019!
H -1.201  2.407 -2.093!
H -1.906  4.491 -3.245!
C -0.772 -3.119  2.090!
C -2.857 -3.718  1.022!
C -2.728 -5.020  1.512!
C -0.651 -4.417  2.585!
C -1.631 -5.372  2.299!
H  0.213 -4.684  3.187!
H -1.534 -6.384  2.680!
H  0.013 -2.398  2.302!
H -3.718 -3.462  0.414!
H -3.490 -5.758  1.277!
C -4.789 -0.979  0.796!
C -3.810 -0.380 -1.334!
C -5.086 -0.152 -1.856!
C -6.062 -0.752  0.274!
C -6.212 -0.339 -1.053!
H -2.932 -0.230 -1.956!
H -5.197  0.171 -2.887!
H -4.689 -1.307  1.827!
H -6.936 -0.897  0.902!
H -7.205 -0.162 -1.457!
C -1.770  1.518  1.789!
H -1.092 -0.301  2.794!
H -2.844 -0.107  2.760!
H -2.664  1.857  1.256!
H -1.665  2.152  2.675!
C  5.330 -0.718  0.060!
C  5.689 -2.158 -1.840!
C  6.546 -1.133  0.597!
C  6.905 -2.575 -1.301!
C  7.345 -2.064 -0.077!
H  5.359 -2.562 -2.794!
H  8.292 -2.387  0.347!
H  7.510 -3.301 -1.838!
H  4.729 -0.001  0.610!
H  6.873 -0.731  1.552!!!!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     8.2965                14.0501                18.2112!
 Red. masses --     5.2806                 6.0364                 5.7671!!
 ZERO-POINT CORRECTION= 0.646770 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.696261!
 Thermal correction to Enthalpy=                  0.697316!
 Thermal correction to Gibbs Free Energy=         0.551767!
 Sum of electronic and zero-point Energies=          -2279.765174!
 Sum of electronic and thermal Energies=             -2279.715682!
 Sum of electronic and thermal Enthalpies=           -2279.714627!
 Sum of electronic and thermal Free Energies=        -2279.860177!!
         ITEM                   VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE    0.000006     0.000450     YES!
 RMS     FORCE          0.000001     0.000300     YES!
________________________________________!!
  !
TS-3,3’ dppe!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.003 -0.158 -0.682!
P -0.874  1.918  0.366!
P -1.980 -1.160  0.333!
C  0.513 -2.194 -1.541!
C  1.805  0.973 -1.566!
C  2.952  0.420 -0.975!
H  1.684  0.838 -2.641!
H  1.485  1.949 -1.219!
C  3.836 -0.471 -1.629!
H  3.151  0.670  0.066!
H  3.903 -0.333 -2.706!
C  5.136 -0.824 -1.007!
C  1.657 -2.207 -2.362!
H -0.439 -2.366 -2.045!
H  0.595 -2.715 -0.587!
C  2.968 -2.330 -1.887!
H  1.523 -1.984 -3.422!
H  3.103 -2.707 -0.874!
H  3.741 -2.651 -2.580!
C -3.380 -1.410 -0.847!
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C -1.950 -2.725  1.301!
C -1.009  3.555 -0.466!
C -0.097  2.324  1.994!
C -2.631  1.514  0.880!
C -4.601 -1.985 -0.453!
C -5.649 -2.114 -1.365!
C -3.234 -0.970 -2.171!
C -4.286 -1.096 -3.084!
C -5.493 -1.669 -2.681!
H -4.731 -2.341  0.565!
H -6.587 -2.561 -1.049!
H -6.310 -1.771 -3.390!
H -2.290 -0.528 -2.481!
H -4.158 -0.751 -4.106!
C -2.026 -3.956  0.622!
C -1.710 -2.740  2.686!
C -1.571 -3.948  3.373!
C -1.884 -5.161  1.311!
C -1.658 -5.163  2.689!
H -2.211 -3.974 -0.447!
H -1.953 -6.099  0.768!
H -1.550 -6.101  3.224!
H -1.632 -1.813  3.244!
H -1.397 -3.937  4.445!
C -2.092  3.863 -1.309!
C  0.058  4.470 -0.390!
C  0.032  5.660 -1.118!
C -2.117  5.055 -2.033!
C -1.056  5.959 -1.941!
H -2.969  5.278 -2.669!
H -1.076  6.886 -2.506!
H -2.927  3.176 -1.406!
H  0.906  4.260  0.254!
H  0.864  6.354 -1.039!
C -0.529  3.401  2.789!
C  0.936  1.503  2.470!
C  1.525  1.748  3.714!
C  0.061  3.646  4.029!
C  1.089  2.819  4.494!
H  1.275  0.672  1.858!
H  2.324  1.104  4.069!
H -1.320  4.056  2.435!
H -0.280  4.483  4.632!
H  1.546  3.013  5.460!
C -2.694  0.112  1.507!
H -3.260  1.549 -0.014!
H -3.010  2.265  1.581!
H -2.100  0.094  2.426!
H -3.724 -0.147  1.772!
C  5.273 -1.038  0.379!
C  6.280 -0.995 -1.809!
C  7.511 -1.342 -1.253!
C  6.505 -1.380  0.937!
C  7.633 -1.533  0.126!
H  6.582 -1.535  2.010!
H  8.591 -1.804  0.562!
H  4.403 -0.943  1.023!
H  6.199 -0.844 -2.883!
H  8.378 -1.461 -1.898!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -436.6166                11.5376                12.3953!
 Red. masses --    10.5524                 5.6706                 5.8844!!
 ZERO-POINT CORRECTION= 0.646191 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.694855!
 Thermal correction to Enthalpy=                  0.695910!
 Thermal correction to Gibbs Free Energy=         0.553346!
 Sum of electronic and zero-point Energies=          -2279.739145!
 Sum of electronic and thermal Energies=             -2279.690481!
 Sum of electronic and thermal Enthalpies=           -2279.689426!
 Sum of electronic and thermal Free Energies=        -2279.831990!!
         ITEM                 VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000004     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!
  !
TS-1,1’ dppe!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.436 -0.490 -0.746!
P -2.708 -0.099  0.047!
P  0.308  1.075  0.907!
C  0.985 -0.866 -2.578!
C -0.227 -2.521 -1.907!
C  0.837 -3.534 -1.928!
C  1.312 -4.181 -0.852!
H  1.273 -3.765 -2.901!
H  0.920 -3.991  0.145!
H  2.102 -4.922 -0.936!
C  2.304 -0.622 -2.001!
C  3.391 -1.416 -2.170!
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H  2.385  0.266 -1.379!
C  1.065  0.379  2.445!
C  1.321  2.576  0.533!
C -3.932 -1.387  0.552!
C -3.716  1.141 -0.888!
C -2.414  0.812  1.668!
C  1.117  1.079  3.663!
C  1.683  0.493  4.796!
C  1.598 -0.918  2.391!
C  2.166 -1.505  3.525!
C  2.207 -0.801  4.729!
H  0.726  2.090  3.730!
H  1.715  1.047  5.730!
H  2.645 -1.256  5.613!
H  1.565 -1.465  1.452!
H  2.574 -2.510  3.465!
C  2.575  2.826  1.116!
C  0.862  3.454 -0.466!
C  1.618  4.562 -0.848!
C  3.336  3.930  0.724!
C  2.860  4.805 -0.254!
H  2.958  2.162  1.884!
H  4.302  4.107  1.190!
H  3.452  5.664 -0.556!
H -0.091  3.270 -0.956!
H  1.240  5.232 -1.615!
C -3.615 -2.257  1.614!
C -5.113 -1.628 -0.172!
C -5.959 -2.685  0.169!
C -4.465 -3.308  1.958!
C -5.643 -3.526  1.238!
H -4.204 -3.959  2.788!
H -6.304 -4.346  1.505!
H -2.697 -2.119  2.178!
H -5.379 -0.983 -1.003!
H -6.869 -2.847 -0.401!
C -4.887  1.721 -0.371!
C -3.269  1.544 -2.155!
C -3.970  2.505 -2.890!
C -5.590  2.678 -1.103!
C -5.131  3.073 -2.364!
H -2.364  1.100 -2.561!
H -3.609  2.806 -3.869!
H -5.261  1.419  0.603!
H -6.494  3.117 -0.691!
H -5.679  3.819 -2.933!
C -1.286  1.847  1.542!
H -2.149  0.060  2.419!
H -3.335  1.296  2.007!
H -1.567  2.622  0.821!
H -1.124  2.348  2.501!
H -0.860 -2.515 -2.793!
H -0.838 -2.638 -1.002!
H  0.401  0.044 -2.770!
H  1.002 -1.467 -3.484!
C  4.726 -1.212 -1.604!
H  3.291 -2.300 -2.799!
C  5.042 -0.169 -0.705!
C  5.764 -2.094 -1.967!
C  7.056 -1.945 -1.464!
C  6.333 -0.020 -0.205!
C  7.350 -0.905 -0.580!
H  4.272  0.530 -0.392!
H  6.548  0.791  0.485!
H  7.833 -2.643 -1.764!
H  8.355 -0.786 -0.185!
H  5.546 -2.908 -2.655!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -399.9477                14.4070                14.7850!
 Red. masses --     4.0439                 5.7097                 6.2072!!
 ZERO-POINT CORRECTION= 0.645056 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.694461!
 Thermal correction to Enthalpy=                  0.695516!
 Thermal correction to Gibbs Free Energy=         0.550240!
 Sum of electronic and zero-point Energies=          -2279.712498!
 Sum of electronic and thermal Energies=             -2279.663093!
 Sum of electronic and thermal Enthalpies=           -2279.662038!
 Sum of electronic and thermal Free Energies=        -2279.807314!!
         ITEM                 VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000004     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!!!!!
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  !
GS dppf!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.373 -0.026  1.061!
Fe  2.936  0.037 -2.015!
P  0.739 -1.877 -0.048!
P  0.758  1.876  0.048!
C  1.870 -1.667 -1.481!
C  3.268 -1.972 -1.578!
H  3.892 -2.330 -0.772!
C  3.700 -1.687 -2.907!
H  4.713 -1.779 -3.275!
C  2.577 -1.209 -3.645!
H  2.585 -0.877 -4.675!
C  1.452 -1.188 -2.771!
H  0.452 -0.870 -3.034!
C  2.280  1.708 -0.967!
C  2.490  2.045 -2.345!
H  1.733  2.403 -3.028!
C  3.856  1.791 -2.666!
H  4.308  1.910 -3.642!
C  4.505  1.302 -1.494!
H  5.537  0.988 -1.421!
C  3.538  1.242 -0.448!
H  3.719  0.906  0.564!
C -0.479 -3.049 -0.800!
C -1.853 -2.780 -0.700!
H -2.188 -1.907 -0.149!
C -2.786 -3.622 -1.313!
H -3.846 -3.397 -1.230!
C -2.358 -4.739 -2.030!
H -3.084 -5.393 -2.505!
C -0.992 -5.012 -2.142!
H -0.652 -5.876 -2.705!
C -0.058 -4.170 -1.538!
H  1.001 -4.384 -1.646!
C  1.752 -2.881  1.126!
C  1.493 -4.226  1.427!
H  0.688 -4.752  0.926!
C  2.265 -4.902  2.376!
H  2.048 -5.942  2.599!
C  3.307 -4.247  3.033!
H  3.907 -4.775  3.769!
C  3.569 -2.904  2.748!
H  4.371 -2.382  3.261!
C  2.790 -2.224  1.812!
H  2.986 -1.174  1.616!
C -0.370  2.840 -1.053!
C -0.745  4.170 -0.814!
H -0.331  4.711  0.029!
C -1.657  4.812 -1.657!
H -1.938  5.841 -1.455!
C -2.203  4.138 -2.750!
H -2.909  4.640 -3.404!
C -1.844  2.809 -2.991!
H -2.271  2.271 -3.834!
C -0.946  2.162 -2.142!
H -0.698  1.120 -2.322!
C  1.375  3.077  1.313!
C  1.197  2.800  2.677!
H  0.665  1.901  2.974!
C  1.706  3.666  3.649!
H  1.562  3.437  4.701!
C  2.397  4.817  3.270!
H  2.791  5.491  4.025!
C  2.589  5.098  1.913!
H  3.133  5.988  1.612!
C  2.088  4.231  0.942!
H  2.256  4.452 -0.108!
C -1.252 -1.451  2.425!
C -1.851  1.333  1.885!
C -3.019  1.172  1.018!
C -4.169  0.515  1.319!
H -2.929  1.624  0.030!
H -4.279  0.108  2.324!
C -5.319  0.303  0.438!
C -0.545 -1.284  3.708!
C -1.036 -0.753  4.845!
H  0.491 -1.630  3.720!
H -2.067 -0.413  4.918!
H -0.425 -0.655  5.738!
H -2.015  1.047  2.925!
H -1.433  2.341  1.829!
H -2.321 -1.239  2.484!
H -1.098 -2.452  2.014!
C -6.484 -0.297  0.961!
C -5.339  0.667 -0.928!
C -6.466  0.449 -1.716!
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C -7.612 -0.145 -1.175!
C -7.611 -0.518  0.171!
H -8.491 -0.982  0.609!
H -6.497 -0.591  2.009!
H -6.450  0.741 -2.763!
H -8.488 -0.315 -1.794!
H -4.462  1.123 -1.378!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     8.8997                12.6022                17.1304!
 Red. masses --     6.1746                 6.0039                 5.5470!!
 ZERO-POINT CORRECTION= 0.739680 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.797571!
 Thermal correction to Enthalpy=                  0.798626!
 Thermal correction to Gibbs Free Energy=         0.638395!
 Sum of electronic and zero-point Energies=          -2710.365197!
 Sum of electronic and thermal Energies=             -2710.307306!
 Sum of electronic and thermal Enthalpies=           -2710.306251!
 Sum of electronic and thermal Free Energies=        -2710.466482!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000015     0.000450     YES!
 RMS     FORCE            0.000002     0.000300     YES!
________________________________________!!
  !
TS-3,3’ dppf!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.624 -0.117  0.366!
Fe -3.707  0.371 -0.616!
P -0.658  1.964  0.064!
P -1.092 -1.875 -0.016!
C -2.313  1.914 -0.726!
C -3.564  2.414 -0.232!
H -3.719  2.867  0.736!
C -4.568  2.173 -1.217!
H -5.620  2.402 -1.116!
C -3.950  1.529 -2.330!
H -4.450  1.186 -3.226!
C -2.568  1.360 -2.029!
H -1.835  0.887 -2.667!
C -2.875 -1.436  0.001!
C -3.866 -1.668 -1.012!
H -3.682 -2.118 -1.976!
C -5.116 -1.165 -0.545!
H -6.042 -1.156 -1.103!
C -4.916 -0.625  0.760!
H -5.665 -0.138  1.370!
C -3.540 -0.782  1.096!
H -3.074 -0.462  2.017!
C  0.199  3.166 -1.060!
C  1.575  3.015 -1.294!
H  2.105  2.195 -0.820!
C  2.255  3.893 -2.141!
H  3.320  3.761 -2.313!
C  1.568  4.931 -2.774!
H  2.096  5.611 -3.437!
C  0.196  5.086 -2.557!
H -0.346  5.887 -3.051!
C -0.483  4.210 -1.709!
H -1.551  4.338 -1.558!
C -1.007  2.948  1.596!
C -0.839  4.337  1.696!
H -0.492  4.907  0.840!
C -1.113  5.002  2.894!
H -0.975  6.078  2.953!
C -1.562  4.292  4.008!
H -1.774  4.811  4.938!
C -1.725  2.906  3.925!
H -2.062  2.342  4.790!
C -1.438  2.241  2.732!
H -1.539  1.160  2.683!
C -0.967 -2.839 -1.596!
C -1.082 -4.234 -1.680!
H -1.263 -4.821 -0.787!
C -0.962 -4.884 -2.912!
H -1.051 -5.966 -2.957!
C -0.729 -4.152 -4.077!
H -0.636 -4.660 -5.032!
C -0.603 -2.762 -4.005!
H -0.408 -2.183 -4.904!
C -0.710 -2.115 -2.774!
H -0.582 -1.037 -2.722!
C -1.065 -3.173  1.310!
C  0.075 -3.291  2.119!
H  0.911 -2.616  1.958!
C  0.134 -4.249  3.135!
H  1.024 -4.325  3.753!
C -0.950 -5.098  3.360!
H -0.908 -5.840  4.152!
C -2.096 -4.983  2.568!
H -2.947 -5.636  2.742!
C -2.155 -4.027  1.553!
H -3.054 -3.944  0.950!
C  1.934  0.938  1.868!
 501
C  2.205 -1.534 -0.547!
C  3.456 -0.908 -0.646!
C  4.552 -1.192  0.175!
H  3.558 -0.117 -1.390!
C  2.856  0.008  2.404!
C  4.205 -0.017  2.093!
H  2.458 -0.780  3.044!
H  4.661  0.859  1.643!
H  4.882 -0.659  2.647!
H  2.160 -2.464  0.017!
H  1.593 -1.533 -1.447!
H  2.360  1.833  1.417!
H  1.050  1.140  2.472!
C  5.923 -0.735 -0.112!
H  4.497 -2.122  0.735!
C  6.205  0.458 -0.809!
C  7.517  0.851 -1.066!
C  8.592  0.072 -0.625!
C  7.019 -1.501  0.333!
C  8.333 -1.106  0.080!
H  9.156 -1.723  0.432!
H  9.614  0.381 -0.824!
H  5.388  1.089 -1.146!
H  7.703  1.774 -1.608!
H  6.831 -2.423  0.878!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -314.2744                 6.3624                 8.6013!
 Red. masses --    10.8918                 5.7429                 5.9861!!
 ZERO-POINT CORRECTION= 0.738024 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.795625!
 Thermal correction to Enthalpy=                  0.796680!
 Thermal correction to Gibbs Free Energy=         0.635421!
 Sum of electronic and zero-point Energies=          -2710.344120!
 Sum of electronic and thermal Energies=             -2710.286519!
 Sum of electronic and thermal Enthalpies=           -2710.285464!
 Sum of electronic and thermal Free Energies=        -2710.446723!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000004     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!
  !
TS-1,1’ dppf!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.046  0.878  0.451!
Fe -2.370 -1.968 -1.589!
P -2.381  1.006  0.155!
P  0.658 -1.432  0.098!
C -2.925  0.003 -1.275!
C -4.093 -0.814 -1.459!
H -4.868 -0.979 -0.724!
C -4.021 -1.420 -2.747!
H -4.733 -2.126 -3.154!
C -2.817 -0.985 -3.378!
H -2.458 -1.297 -4.349!
C -2.139 -0.115 -2.476!
H -1.178  0.352 -2.639!
C -0.660 -2.549 -0.540!
C -0.728 -3.239 -1.796!
H  0.002 -3.171 -2.589!
C -1.940 -3.992 -1.835!
H -2.289 -4.587 -2.668!
C -2.629 -3.783 -0.603!
H -3.595 -4.191 -0.336!
C -1.853 -2.887  0.189!
H -2.125 -2.508  1.164!
C -3.132  2.661 -0.216!
C -3.138  3.635  0.801!
H -2.775  3.382  1.794!
C -3.617  4.921  0.557!
H -3.623  5.655  1.358!
C -4.085  5.268 -0.715!
H -4.454  6.271 -0.907!
C -4.072  4.316 -1.735!
H -4.435  4.574 -2.726!
C -3.601  3.022 -1.488!
H -3.605  2.293 -2.291!
C -3.459  0.421  1.543!
C -4.852  0.608  1.557!
H -5.337  1.124  0.734!
 502
C -5.619  0.148  2.628!
H -6.695  0.298  2.624!
C -5.005 -0.498  3.705!
H -5.604 -0.852  4.540!
C -3.621 -0.675  3.711!
H -3.136 -1.163  4.551!
C -2.853 -0.214  2.638!
H -1.773 -0.337  2.646!
C  1.979 -1.667 -1.190!
C  2.714 -2.854 -1.342!
H  2.537 -3.694 -0.678!
C  3.687 -2.965 -2.338!
H  4.250 -3.888 -2.439!
C  3.936 -1.894 -3.200!
H  4.694 -1.982 -3.973!
C  3.214 -0.708 -3.057!
H  3.409  0.133 -3.717!
C  2.248 -0.594 -2.055!
H  1.702  0.337 -1.926!
C  1.280 -2.453  1.524!
C  1.925 -1.792  2.581!
H  2.033 -0.712  2.552!
C  2.423 -2.501  3.676!
H  2.920 -1.969  4.482!
C  2.271 -3.888  3.738!
H  2.652 -4.441  4.592!
C  1.619 -4.559  2.701!
H  1.491 -5.636  2.745!
C  1.127 -3.848  1.604!
H  0.614 -4.384  0.812!
C  1.711  2.122  1.577!
C  0.532  3.147 -0.006!
C  1.648  3.983 -0.454!
C  2.240  3.910 -1.657!
H  2.020  4.724  0.255!
H  1.918  3.190 -2.407!
H  3.058  4.569 -1.931!
C  3.027  1.646  1.183!
C  4.113  2.431  0.967!
H  3.123  0.573  1.035!
H -0.167  3.657  0.654!
H  0.019  2.705 -0.870!
H  1.160  1.450  2.252!
H  1.696  3.127  1.990!
C  5.449  1.987  0.564!
H  4.017  3.502  1.141!
C  5.726  0.685  0.093!
C  6.525  2.895  0.643!
C  7.820  2.520  0.287!
C  7.019  0.311 -0.261!
C  8.076  1.223 -0.164!
H  4.919 -0.033 -0.015!
H  7.204 -0.697 -0.623!
H  8.629  3.241  0.362!
H  9.083  0.927 -0.444!
H  6.335  3.906  0.995!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -370.8542                10.7796                13.3427!
 Red. masses --     4.0651                 5.7285                 5.8680!!
 ZERO-POINT CORRECTION= 0.737152 (HARTREE/PARTICLE)!
 Thermal correction to Energy=                    0.795322!
 Thermal correction to Enthalpy=                  0.796377!
 Thermal correction to Gibbs Free Energy=         0.633383!
 Sum of electronic and zero-point Energies=          -2710.319847!
 Sum of electronic and thermal Energies=             -2710.261676!
 Sum of electronic and thermal Enthalpies=           -2710.260621!
 Sum of electronic and thermal Free Energies=        -2710.423616!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000004     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!
  !
GS dppb!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.111 -0.404 -0.401!
P -2.201 -0.847  0.828!
P  0.058  1.911  0.422!
C -3.605  0.036  0.011!
C -4.870  0.177  0.609!
C -5.900  0.841 -0.058!
C -5.686  1.371 -1.334!
C -4.437  1.231 -1.941!
C -3.404  0.568 -1.273!
C -2.799 -2.597  0.906!
C -2.098 -3.512  1.713!
C -2.481 -4.852  1.772!
C -3.563 -5.307  1.014!
C -4.254 -4.413  0.195!
C -3.874 -3.069  0.138!
C  0.089  3.180 -0.917!
C -1.115  3.652 -1.469!
 503
C -1.106  4.549 -2.538!
C  0.105  4.986 -3.080!
C  1.307  4.518 -2.547!
C  1.300  3.621 -1.476!
C  1.543  2.307  1.447!
C  1.869  3.627  1.808!
C  2.961  3.886  2.636!
C  3.742  2.831  3.120!
C  3.424  1.517  2.774!
C  2.332  1.258  1.941!
C -1.340  2.530  1.507!
C -1.305  2.034  2.964!
C -1.179  0.521  3.198!
C -2.313 -0.359  2.647!
H -5.065 -0.241  1.592!
H -6.871  0.942  0.418!
H -6.489  1.887 -1.850!
H -4.263  1.636 -2.934!
H -2.430  0.463 -1.743!
H -1.243 -3.183  2.298!
H -1.930 -5.541  2.407!
H -3.861 -6.350  1.059!
H -5.094 -4.758 -0.401!
H -4.427 -2.389 -0.501!
H -2.069  3.320 -1.072!
H -2.047  4.907 -2.946!
H  0.111  5.685 -3.912!
H  2.254  4.851 -2.960!
H  2.245  3.278 -1.067!
H  1.274  4.456  1.436!
H  3.203  4.910  2.904!
H  4.592  3.035  3.764!
H  4.024  0.693  3.148!
H  2.089  0.235  1.668!
H -2.271  2.222  1.021!
H -1.327  3.625  1.500!
H -0.472  2.524  3.479!
H -2.219  2.394  3.453!
H -0.218  0.157  2.817!
H -1.147  0.369  4.284!
H -3.287  0.108  2.830!
H -2.319 -1.305  3.195!
C  1.526 -0.093 -1.782!
C -0.058 -2.398 -1.183!
C -0.896 -2.517 -2.389!
H -0.438 -3.011 -0.362!
H  0.992 -2.632 -1.369!
C -0.473 -2.683 -3.657!
H -1.974 -2.454 -2.225!
H  0.583 -2.779 -3.898!
H -1.171 -2.738 -4.489!
C  2.820 -0.482 -1.219!
H  1.472  0.977 -1.995!
H  1.247 -0.666 -2.668!
C  3.538 -1.590 -1.534!
H  3.227  0.195 -0.468!
H  3.153 -2.243 -2.318!
C  4.812 -2.014 -0.949!
C  5.446 -1.349  0.124!
C  5.463 -3.151 -1.475!
C  6.663 -1.795  0.632!
C  6.680 -3.599 -0.965!
C  7.292 -2.923  0.094!
H  4.998 -3.686 -2.300!
H  4.980 -0.474  0.568!
H  7.125 -1.260  1.458!
H  8.240 -3.269  0.495!
H  7.152 -4.478 -1.395!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     7.1321                13.5138                16.9070!
 Red. masses --     5.5916                 5.4211                 5.4667!!
 ZERO-POINT CORRECTION= 0.704752 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.757068!
 Thermal correction to Enthalpy=                  0.758123!
 Thermal correction to Gibbs Free Energy=         0.607686!
 Sum of electronic and zero-point Energies=          -2358.329704!
 Sum of electronic and thermal Energies=             -2358.277388!
 Sum of electronic and thermal Enthalpies=           -2358.276333!
 Sum of electronic and thermal Free Energies=        -2358.426771!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000010     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!
  !
TS-3,3’ dppb!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P  0.132  2.228 -0.227!
P -2.471 -0.294  0.095!
C  0.206  2.480  1.606!
C  0.107  3.747  2.210!
 504
C  0.189  3.883  3.596!
C  0.377  2.757  4.403!
C  0.484  1.495  3.817!
C  0.398  1.358  2.428!
C  1.649  3.125 -0.800!
C  1.761  3.484 -2.157!
C  2.926  4.075 -2.649!
C  4.011  4.304 -1.800!
C  3.921  3.932 -0.457!
C  2.755  3.344  0.038!
C -2.773 -1.393  1.548!
C -2.589 -0.915  2.858!
C -2.718 -1.768  3.955!
C -3.025 -3.117  3.768!
C -3.200 -3.607  2.472!
C -3.074 -2.756  1.373!
C -3.747 -0.853 -1.123!
C -5.083 -1.093 -0.755!
C -6.027 -1.467 -1.711!
C -5.652 -1.606 -3.051!
C -4.330 -1.369 -3.430!
C -3.384 -0.995 -2.471!
C -3.199  1.327  0.693!
C -3.573  2.330 -0.412!
C -2.476  2.736 -1.409!
C -1.226  3.405 -0.807!
H -0.020  4.636  1.599!
H  0.110  4.869  4.046!
H  0.441  2.865  5.481!
H  0.632  0.615  4.436!
H  0.472  0.375  1.971!
H  0.937  3.301 -2.841!
H  2.985  4.351 -3.698!
H  4.918  4.762 -2.183!
H  4.760  4.101  0.212!
H  2.705  3.068  1.086!
H -2.339  0.127  3.032!
H -2.581 -1.374  4.959!
H -3.126 -3.780  4.622!
H -3.441 -4.655  2.313!
H -3.228 -3.154  0.375!
H -5.387 -0.998  0.284!
H -7.054 -1.651 -1.411!
H -6.388 -1.899 -3.794!
H -4.031 -1.476 -4.469!
H -2.353 -0.813 -2.763!
H -2.463  1.766  1.373!
H -4.090  1.108  1.292!
H -4.417  1.926 -0.982!
H -3.947  3.235  0.084!
H -2.171  1.872 -2.010!
H -2.930  3.447 -2.110!
H -1.506  4.074  0.015!
H -0.762  4.036 -1.570!
H  1.990 -3.394  0.302!
C  1.964 -3.493 -0.782!
H  2.582 -4.301 -1.164!
H -0.410 -2.596  0.234!
C  0.754 -3.218 -1.431!
C  3.383 -2.067 -1.258!
C -0.326 -2.525 -0.851!
H -1.280 -2.620 -1.367!
H  0.692 -3.455 -2.496!
H  3.164 -0.161 -0.270!
C  2.832 -0.771 -1.110!
Pd -0.164 -0.247 -0.780!
H  1.589 -0.808 -2.838!
C  1.832 -0.245 -1.937!
H  1.804  0.830 -2.070!
C  4.552 -2.486 -0.447!
H  3.422 -2.431 -2.282!
C  4.703 -2.115  0.903!
C  5.540 -3.315 -1.010!
C  6.642 -3.739 -0.266!
C  6.784 -3.347  1.068!
C  5.806 -2.533  1.647!
H  7.640 -3.676  1.649!
H  5.899 -2.228  2.686!
H  5.442 -3.622 -2.049!
H  7.392 -4.374 -0.730!
H  3.942 -1.499  1.376!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -437.5728                 8.6085                14.1357!
 Red. masses --    10.2583                 5.5522                 5.5868!!
 ZERO-POINT CORRECTION= 0.703691 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.755343!
 Thermal correction to Enthalpy=                  0.756398!
 Thermal correction to Gibbs Free Energy=         0.608467!
 Sum of electronic and zero-point Energies=          -2358.303046!
 Sum of electronic and thermal Energies=             -2358.251393!
 Sum of electronic and thermal Enthalpies=           -2358.250338!
 Sum of electronic and thermal Free Energies=        -2358.398270!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000000     0.000015     YES!
 RMS     FORCE            0.000000     0.000010     YES!
________________________________________!!
 505
  !
TS-1,1’ dppb!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P -0.612 -1.712  0.563!
P  2.884 -0.085  0.088!
C -1.433 -1.642  2.223!
C -1.954 -2.783  2.858!
C -2.529 -2.691  4.125!
C -2.595 -1.456  4.778!
C -2.085 -0.315  4.157!
C -1.508 -0.410  2.887!
C -1.915 -2.518 -0.483!
C -1.549 -3.309 -1.587!
C -2.518 -3.859 -2.429!
C -3.874 -3.628 -2.188!
C -4.252 -2.841 -1.098!
C -3.283 -2.288 -0.257!
C  3.792  1.243  1.000!
C  3.856  1.248  2.405!
C  4.443  2.313  3.092!
C  4.970  3.400  2.391!
C  4.902  3.414  0.996!
C  4.316  2.350  0.308!
C  3.909 -0.282 -1.444!
C  5.298 -0.496 -1.402!
C  6.027 -0.663 -2.580!
C  5.379 -0.618 -3.819!
C  4.001 -0.405 -3.874!
C  3.273 -0.238 -2.692!
C  3.372 -1.608  1.072!
C  3.144 -2.957  0.363!
C  1.738 -3.216 -0.208!
C  0.590 -3.137  0.828!
H -1.920 -3.748  2.359!
H -2.926 -3.582  4.604!
H -3.043 -1.386  5.765!
H -2.137  0.648  4.657!
H -1.112  0.476  2.397!
H -0.502 -3.506 -1.797!
H -2.211 -4.473 -3.271!
H -4.628 -4.058 -2.841!
H -5.304 -2.659 -0.896!
H -3.597 -1.687  0.591!
H  3.452  0.417  2.976!
H  4.489  2.290  4.177!
H  5.426  4.227  2.926!
H  5.308  4.254  0.439!
H  4.280  2.376 -0.777!
H  5.815 -0.524 -0.448!
H  7.100 -0.826 -2.532!
H  5.948 -0.747 -4.735!
H  3.492 -0.367 -4.833!
H  2.199 -0.072 -2.732!
H  2.788 -1.565  1.998!
H  4.426 -1.532  1.362!
H  3.868 -3.051 -0.455!
H  3.389 -3.750  1.081!
H  1.557 -2.510 -1.028!
H  1.744 -4.213 -0.664!
H  0.993 -2.983  1.835!
H  0.030 -4.077  0.862!
Pd  0.472  0.292 -0.162!
C -0.731  1.621 -1.707!
C  0.474  2.636 -0.120!
C -0.516  3.685  0.138!
C -1.186  3.856  1.290!
H -0.717  4.379 -0.678!
H -1.032  3.198  2.142!
H -1.902  4.662  1.417!
C -2.156  1.456 -1.474!
C -3.065  2.465 -1.499!
H -2.484  0.442 -1.257!
H  1.278  2.938 -0.788!
H  0.869  2.240  0.826!
H -0.247  0.763 -2.194!
H -0.458  2.534 -2.230!
C -4.510  2.367 -1.293!
H -2.704  3.469 -1.715!
C -5.184  1.155 -1.029!
C -5.289  3.541 -1.369!
C -6.671  3.510 -1.189!
C -6.564  1.125 -0.850!
C -7.319  2.301 -0.927!
H -4.623  0.227 -0.971!
H -7.057  0.177 -0.649!
H -7.243  4.432 -1.253!
H -8.395  2.272 -0.785!
H -4.795  4.487 -1.573!!!
 506
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -357.8998                 7.2555                17.4090!
 Red. masses --     4.1830                 5.3995                 6.1965!!
 ZERO-POINT CORRECTION= 0.702313 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.754878!
 Thermal correction to Enthalpy=                  0.755933!
 Thermal correction to Gibbs Free Energy=         0.602990!
 Sum of electronic and zero-point Energies=          -2358.280102!
 Sum of electronic and thermal Energies=             -2358.227537!
 Sum of electronic and thermal Enthalpies=           -2358.226482!
 Sum of electronic and thermal Free Energies=        -2358.379425!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000011     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!
  !
GS DPEphos!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.415 -0.232 -0.998!
P -1.200 -1.708  0.170!
P -0.396  2.013 -0.138!
O -0.963  0.241  2.250!
C -2.305 -0.081  2.143!
C -2.601 -1.084  1.204!
C -3.932 -1.513  1.102!
H -4.190 -2.291  0.393!
C -4.935 -0.944  1.889!
H -5.959 -1.291  1.792!
C -4.616  0.067  2.795!
H -5.390  0.518  3.408!
C -3.297  0.503  2.930!
H -3.043  1.282  3.640!
C -0.585  1.515  2.646!
C -0.317  2.483  1.662!
C  0.063  3.760  2.111!
H  0.263  4.542  1.390!
C  0.204  4.042  3.471!
H  0.500  5.038  3.783!
C -0.021  3.045  4.421!
H  0.106  3.253  5.479!
C -0.418  1.774  4.006!
H -0.603  0.978  4.720!
C -2.054 -2.897 -0.959!
C -2.920 -2.374 -1.938!
H -3.111 -1.305 -1.978!
C -3.551 -3.214 -2.855!
H -4.224 -2.793 -3.596!
C -3.310 -4.591 -2.826!
H -3.795 -5.245 -3.546!
C -2.442 -5.119 -1.871!
H -2.245 -6.187 -1.843!
C -1.820 -4.280 -0.941!
H -1.153 -4.709 -0.202!
C -0.299 -2.781  1.380!
C  1.103 -2.741  1.430!
H  1.642 -2.085  0.753!
C  1.803 -3.528  2.348!
H  2.887 -3.484  2.376!
C  1.110 -4.363  3.227!
H  1.654 -4.974  3.941!
C -0.286 -4.405  3.189!
H -0.831 -5.049  3.875!
C -0.987 -3.618  2.275!
H -2.072 -3.651  2.263!
C -2.173  2.251 -0.582!
C -3.048  3.064  0.154!
H -2.701  3.560  1.055!
C -4.368  3.241 -0.264!
H -5.036  3.869  0.318!
C -4.827  2.619 -1.428!
H -5.854  2.762 -1.752!
C -3.962  1.815 -2.172!
H -4.311  1.331 -3.080!
C -2.645  1.626 -1.748!
H -1.974  0.995 -2.325!
C  0.407  3.481 -0.939!
C  1.744  3.789 -0.626!
H  2.273  3.211  0.126!
C  2.402  4.843 -1.258!
H  3.432  5.068 -0.995!
C  1.743  5.601 -2.230!
H  2.257  6.418 -2.727!
C  0.422  5.297 -2.558!
H -0.101  5.879 -3.312!
C -0.243  4.247 -1.918!
H -1.271  4.032 -2.185!
C  1.057 -1.981 -2.075!
C  2.122  0.638 -1.976!
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C  3.260  0.463 -1.073!
H  1.850  1.684 -2.116!
H  2.243  0.142 -2.939!
C  4.297 -0.399 -1.241!
H  3.253  1.082 -0.175!
H  4.333 -0.980 -2.163!
C  5.416 -0.625 -0.325!
C  0.491 -1.944 -3.437!
H  2.148 -1.982 -2.060!
H  0.688 -2.845 -1.517!
C  1.167 -1.764 -4.587!
H -0.590 -2.078 -3.501!
H  0.659 -1.735 -5.548!
H  2.249 -1.652 -4.604!
C  6.487 -1.445 -0.740!
C  5.495 -0.067  0.971!
C  6.592 -0.309  1.795!
C  7.583 -1.689  0.086!
C  7.646 -1.121  1.361!
H  8.498 -1.309  2.008!
H  6.622  0.134  2.787!
H  6.452 -1.892 -1.731!
H  8.391 -2.325 -0.267!
H  4.686  0.556  1.340!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --    10.7976                15.5825                20.9298!
 Red. masses --     6.1546                 6.0401                 5.7006!!
 ZERO-POINT CORRECTION= 0.756419 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.815464!
 Thermal correction to Enthalpy=                  0.816519!
 Thermal correction to Gibbs Free Energy=         0.652674!
 Sum of electronic and zero-point Energies=          -2738.329903!
 Sum of electronic and thermal Energies=             -2738.270858!
 Sum of electronic and thermal Enthalpies=           -2738.269803!
 Sum of electronic and thermal Free Energies=        -2738.433649!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000004     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!
  !
TS-3,3’ DPEphos!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.558  0.104 -0.364!
P -0.729 -2.011 -0.014!
P -1.203  1.907 -0.024!
O -2.192 -0.286  1.777!
C -3.117 -1.030  1.068!
C -2.569 -2.001  0.209!
C -3.459 -2.843 -0.474!
H -3.068 -3.608 -1.134!
C -4.842 -2.706 -0.331!
H -5.509 -3.370 -0.871!
C -5.356 -1.714  0.504!
H -6.429 -1.593  0.616!
C -4.496 -0.872  1.211!
H -4.892 -0.108  1.869!
C -2.523  0.960  2.287!
C -2.161  2.109  1.560!
C -2.490  3.353  2.126!
H -2.236  4.263  1.595!
C -3.125  3.445  3.366!
H -3.366  4.421  3.774!
C -3.436  2.287  4.081!
H -3.912  2.352  5.054!
C -3.131  1.038  3.539!
H -3.358  0.121  4.073!
C -0.501 -3.342 -1.280!
C -0.896 -3.072 -2.604!
H -1.377 -2.127 -2.842!
C -0.689 -4.007 -3.617!
H -1.011 -3.783 -4.630!
C -0.063 -5.224 -3.332!
H  0.106 -5.949 -4.122!
C  0.347 -5.497 -2.026!
H  0.836 -6.439 -1.795!
C  0.128 -4.566 -1.007!
H  0.447 -4.799  0.003!
C -0.152 -2.815  1.553!
C  1.128 -2.505  2.037!
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H  1.739 -1.789  1.495!
C  1.610 -3.098  3.206!
H  2.603 -2.846  3.569!
C  0.814 -4.003  3.911!
H  1.185 -4.460  4.824!
C -0.463 -4.317  3.439!
H -1.088 -5.020  3.983!
C -0.943 -3.729  2.267!
H -1.937 -3.980  1.911!
C -2.534  1.725 -1.297!
C -3.834  2.227 -1.130!
H -4.109  2.728 -0.207!
C -4.783  2.087 -2.145!
H -5.787  2.476 -2.000!
C -4.443  1.453 -3.343!
H -5.183  1.347 -4.131!
C -3.151  0.955 -3.522!
H -2.879  0.463 -4.451!
C -2.205  1.085 -2.503!
H -1.201  0.690 -2.635!
C -0.601  3.634 -0.330!
C  0.233  4.254  0.620!
H  0.445  3.760  1.563!
C  0.785  5.512  0.375!
H  1.418  5.975  1.127!
C  0.529  6.170 -0.830!
H  0.962  7.147 -1.023!
C -0.287  5.561 -1.785!
H -0.495  6.064 -2.725!
C -0.849  4.306 -1.538!
H -1.485  3.853 -2.290!
C  1.870 -0.957 -1.821!
C  2.150  1.477  0.555!
C  3.418  0.892  0.673!
C  4.498  1.173 -0.171!
H  3.550  0.134  1.446!
H  4.414  2.084 -0.760!
C  5.885  0.771  0.128!
C  2.829 -0.070 -2.362!
C  4.171 -0.067 -2.013!
H  2.471  0.708 -3.037!
H  4.590 -0.942 -1.525!
H  4.879  0.528 -2.581!
H  1.532  1.468  1.453!
H  2.071  2.386 -0.037!
H  2.260 -1.850 -1.332!
H  0.997 -1.157 -2.443!
C  6.204 -0.393  0.858!
C  6.955  1.558 -0.339!
C  8.281  1.214 -0.076!
C  7.528 -0.736  1.124!
C  8.577  0.065  0.661!
H  9.608 -0.206  0.868!
H  7.744 -1.638  1.691!
H  6.737  2.458 -0.910!
H  9.084  1.846 -0.446!
H  5.407 -1.041  1.212!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -331.5036                11.6900                13.1478!
 Red. masses --    11.1818                 5.9835                 5.8845!!
 ZERO-POINT CORRECTION= 0.754441 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.813149!
 Thermal correction to Enthalpy=                  0.814204!
 Thermal correction to Gibbs Free Energy=         0.650711!
 Sum of electronic and zero-point Energies=          -2738.309937!
 Sum of electronic and thermal Energies=             -2738.251228!
 Sum of electronic and thermal Enthalpies=           -2738.250173!
 Sum of electronic and thermal Free Energies=        -2738.413667!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000008     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!
  !
TS-1,1’ DPEphos!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.289 -0.134 -0.687!
P -1.470 -1.778 -0.074!
P -0.442  2.080 -0.050!
O -3.039  0.845 -0.331!
C -3.806 -0.263 -0.658!
C -3.233 -1.549 -0.631!
C -4.035 -2.615 -1.076!
H -3.626 -3.619 -1.079!
C -5.341 -2.411 -1.525!
H -5.932 -3.257 -1.861!
C -5.878 -1.123 -1.548!
H -6.890 -0.954 -1.904!
C -5.105 -0.046 -1.116!
H -5.488  0.970 -1.138!
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C -2.924  1.288  0.972!
C -1.757  2.024  1.252!
C -1.617  2.552  2.543!
H -0.729  3.124  2.789!
C -2.593  2.344  3.521!
H -2.459  2.761  4.515!
C -3.732  1.599  3.217!
H -4.495  1.430  3.972!
C -3.906  1.068  1.937!
H -4.792  0.494  1.689!
C -1.110 -3.475 -0.734!
C -0.833 -3.585 -2.110!
H -0.868 -2.697 -2.737!
C -0.509 -4.816 -2.679!
H -0.308 -4.881 -3.744!
C -0.433 -5.960 -1.878!
H -0.171 -6.918 -2.317!
C -0.688 -5.861 -0.510!
H -0.627 -6.743  0.121!
C -1.029 -4.629  0.059!
H -1.234 -4.574  1.122!
C -1.682 -2.083  1.744!
C -0.621 -1.734  2.596!
H  0.266 -1.268  2.178!
C -0.703 -1.966  3.971!
H  0.128 -1.691  4.614!
C -1.853 -2.540  4.516!
H -1.920 -2.715  5.586!
C -2.919 -2.881  3.681!
H -3.819 -3.324  4.100!
C -2.834 -2.656  2.306!
H -3.672 -2.927  1.670!
C -1.195  3.196 -1.329!
C -2.260  4.070 -1.057!
H -2.690  4.106 -0.061!
C -2.779  4.894 -2.059!
H -3.604  5.563 -1.831!
C -2.241  4.859 -3.347!
H -2.646  5.500 -4.125!
C -1.184  3.991 -3.630!
H -0.763  3.952 -4.631!
C -0.671  3.162 -2.631!
H  0.141  2.482 -2.868!
C  0.828  3.188  0.731!
C  1.992  2.590  1.239!
H  2.117  1.514  1.143!
C  2.988  3.360  1.843!
H  3.882  2.879  2.230!
C  2.840  4.745  1.935!
H  3.617  5.348  2.396!
C  1.691  5.355  1.424!
H  1.572  6.433  1.487!
C  0.692  4.583  0.828!
H -0.193  5.071  0.433!
C  2.107 -1.627 -0.836!
C  1.882 -0.060 -2.397!
C  2.722  1.127 -2.233!
H  0.876  0.143 -2.796!
H  2.336 -0.849 -2.991!
C  4.055  1.183 -2.406!
C  3.564 -1.605 -0.826!
H  1.677 -2.435 -1.424!
H  1.715 -1.615  0.190!
C  4.322 -1.183  0.213!
H  2.212  2.034 -1.916!
H  4.637  0.316 -2.707!
H  4.604  2.109 -2.259!
C  5.785 -1.175  0.307!
H  3.804 -0.824  1.103!
H  4.060 -1.963 -1.728!
C  6.387 -0.717  1.496!
C  6.637 -1.611 -0.730!
C  8.020 -1.587 -0.580!
C  7.773 -0.691  1.646!
C  8.599 -1.127  0.608!
H  9.679 -1.109  0.721!
H  8.207 -0.332  2.575!
H  5.751 -0.377  2.310!
H  6.214 -1.975 -1.662!
H  8.653 -1.929 -1.394!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -362.8399                 9.1009                13.2968!
 Red. masses --     4.1578                 5.3047                 5.0767!!
 ZERO-POINT CORRECTION= 0.753561 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.812948!
 Thermal correction to Enthalpy=                  0.814003!
 Thermal correction to Gibbs Free Energy=         0.646959!
 Sum of electronic and zero-point Energies=          -2738.284813!
 Sum of electronic and thermal Energies=             -2738.225426!
 Sum of electronic and thermal Enthalpies=           -2738.224371!
 Sum of electronic and thermal Free Energies=        -2738.391415!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000002     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!!!!!!!!!
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Structures and Energies Figure 1.8!!!
  !!
GS1.G!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.739  0.794  0.365!
P -1.572  1.766 -0.174!
P  0.368 -1.807  0.353!
O -2.494 -0.989 -0.284!
C  0.528 -2.569  2.035!
C  1.763 -2.792  2.669!
H  2.693 -2.606  2.144!
C  1.816 -3.272  3.981!
H  2.783 -3.445  4.446!
C  0.641 -3.527  4.687!
H  0.684 -3.900  5.706!
C -0.593 -3.301  4.071!
H -1.516 -3.497  4.610!
C -0.649 -2.828  2.761!
H -1.618 -2.666  2.299!
C  1.757 -2.480 -0.674!
C  2.490 -3.643 -0.394!
H  2.301 -4.207  0.513!
C  3.476 -4.093 -1.277!
H  4.037 -4.992 -1.040!
C  3.733 -3.396 -2.459!
H  4.496 -3.750 -3.146!
C  3.006 -2.239 -2.751!
H  3.201 -1.688 -3.666!
C  2.034 -1.781 -1.861!
H  1.489 -0.867 -2.083!
C -1.023 -2.850 -0.337!
C -0.831 -4.211 -0.630!
H  0.120 -4.680 -0.409!
C -1.833 -4.962 -1.234!
H -1.662 -6.010 -1.460!
C -3.053 -4.368 -1.568!
H -3.814 -4.963 -2.059!
C -3.300 -3.028 -1.269!
C -2.275 -2.305 -0.635!
C -4.627 -2.310 -1.544!
C -4.291 -0.852 -1.879!
C -4.993 -0.054 -2.788!
H -5.800 -0.479 -3.373!
C -4.676  1.297 -2.943!
H -5.235  1.904 -3.648!
C -3.660  1.879 -2.185!
H -3.443  2.934 -2.303!
C -2.916  1.109 -1.278!
C -3.249 -0.246 -1.169!
C -5.429 -2.989 -2.667!
H -4.874 -3.007 -3.609!
H -6.376 -2.468 -2.832!
H -5.683 -4.016 -2.395!
C -5.479 -2.326 -0.241!
H -4.948 -1.849  0.587!
H -5.709 -3.357  0.046!
H -6.420 -1.790 -0.399!
C -2.464  1.834  1.451!
C -1.730  1.665  2.635!
H -0.659  1.492  2.577!
C -2.364  1.712  3.879!
H -1.781  1.576  4.785!
C -3.742  1.924  3.955!
H -4.236  1.957  4.921!
C -4.483  2.091  2.782!
H -5.556  2.254  2.834!
C -3.851  2.045  1.539!
H -4.440  2.171  0.636!
C -1.536  3.528 -0.742!
C -2.066  4.593 -0.001!
H -2.543  4.406  0.955!
C -1.992  5.903 -0.485!
H -2.406  6.716  0.104!
C -1.393  6.165 -1.717!
H -1.337  7.183 -2.092!
C -0.861  5.111 -2.466!
H -0.390  5.305 -3.425!
C -0.925  3.806 -1.978!
H -0.499  2.997 -2.567!
C  1.584  2.748  0.246!
C  2.582  0.436  1.426!
C  3.769  0.230  0.593!
C  4.807  1.094  0.467!
H  3.803 -0.704  0.033!
H  4.790  2.003  1.069!
C  6.001  0.934 -0.367!
C  1.316  3.572  1.438!
C  2.214  3.978  2.354!
H  0.279  3.877  1.585!
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H  3.271  3.737  2.266!
H  1.921  4.574  3.215!
H  2.650  2.609  0.061!
H  1.098  3.149 -0.645!
H  2.676  1.295  2.093!
H  2.324 -0.451  2.007!
C  7.058  1.859 -0.235!
C  6.166 -0.107 -1.308!
C  8.224  1.749 -0.990!
C  7.332 -0.218 -2.061!
C  8.372  0.706 -1.909!
H  5.370 -0.830 -1.457!
H  6.956  2.674  0.478!
H  9.019  2.478 -0.862!
H  7.430 -1.030 -2.777!
H  9.278  0.617 -2.500!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     7.5213                12.9293                14.3426!
 Red. masses --     5.9158                 5.6911                 5.8435!
 ZERO-POINT CORRECTION= 0.820015 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.882657!
 Thermal correction to Enthalpy=                  0.883712!
 Thermal correction to Gibbs Free Energy=         0.713299!
 Sum of electronic and zero-point Energies=          -2855.004515!
 Sum of electronic and thermal Energies=             -2854.941873!
 Sum of electronic and thermal Enthalpies=           -2854.940818!
 Sum of electronic and thermal Free Energies=        -2855.111231!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000007     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!!!!!!!!
  !!
GS1.H!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.426  0.132 -0.351!
P -1.764  1.889  0.410!
P  0.417 -1.909  0.555!
O -2.035 -0.883 -0.671!
C -0.573 -1.724  2.103!
C -0.012 -0.954  3.135!
H  0.952 -0.473  2.988!
C -0.676 -0.806  4.352!
H -0.229 -0.209  5.142!
C -1.919 -1.413  4.549!
H -2.441 -1.292  5.494!
C -2.489 -2.173  3.526!
H -3.455 -2.647  3.673!
C -1.819 -2.332  2.310!
H -2.270 -2.933  1.527!
C  1.655 -3.180  1.079!
C  1.289 -4.331  1.799!
H  0.247 -4.510  2.044!
C  2.257 -5.247  2.210!
H  1.961 -6.132  2.765!
C  3.606 -5.022  1.916!
H  4.359 -5.735  2.240!
C  3.982 -3.877  1.214!
H  5.029 -3.691  0.991!
C  3.012 -2.960  0.800!
H  3.307 -2.059  0.269!
C -0.690 -2.815 -0.612!
C -0.404 -4.104 -1.073!
H  0.461 -4.632 -0.689!
C -1.222 -4.721 -2.019!
H -0.993 -5.724 -2.365!
C -2.335 -4.049 -2.513!
H -2.970 -4.545 -3.241!
C -2.657 -2.750 -2.095!
C -1.816 -2.152 -1.151!
C -3.895 -2.037 -2.643!
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C -3.955 -0.596 -2.126!
C -4.960  0.273 -2.572!
H -5.696 -0.090 -3.282!
C -5.039  1.590 -2.131!
H -5.829  2.240 -2.493!
C -4.093  2.069 -1.228!
H -4.139  3.102 -0.899!
C -3.071  1.243 -0.744!
C -3.032 -0.093 -1.198!
C -3.838 -2.023 -4.193!
H -2.950 -1.489 -4.545!
H -4.720 -1.533 -4.614!
H -3.808 -3.039 -4.595!
C -5.164 -2.801 -2.180!
H -5.227 -2.828 -1.089!
H -5.153 -3.831 -2.548!
H -6.069 -2.318 -2.562!
C -2.667  2.045  2.019!
C -2.568  2.741  4.353!
C -3.864  2.261  4.562!
H -4.328  2.347  5.540!
C -4.555  1.665  3.506!
H -5.562  1.285  3.660!
C -3.965  1.561  2.244!
H -4.521  1.107  1.431!
C -1.648  3.650 -0.167!
C -2.263  4.743  0.463!
H -2.879  4.587  1.342!
C -2.091  6.039 -0.031!
H -2.575  6.873  0.470!
C -1.306  6.263 -1.164!
H -1.174  7.271 -1.547!
C -0.689  5.182 -1.801!
H -0.074  5.346 -2.681!
C -0.851  3.890 -1.301!
H -0.356  3.060 -1.798!
C -1.971  2.621  3.099!
H -2.019  3.203  5.169!
H -0.958  2.987  2.955!
C  2.395  1.923 -0.921!
C  2.228 -0.707 -2.096!
C  1.271 -0.504 -3.198!
H  2.348 -1.762 -1.839!
H  3.200 -0.241 -2.267!
C  1.443  0.313 -4.253!
H  0.350 -1.086 -3.144!
H  2.347  0.905 -4.373!
H  0.690  0.407 -5.030!
C  3.757  1.911 -0.396!
H  1.737  2.624 -0.390!
H  2.331  2.071 -2.001!
C  4.897  1.803 -1.128!
H  3.845  1.978  0.690!
H  4.804  1.789 -2.215!
C  6.269  1.730 -0.625!
C  7.341  1.757 -1.543!
C  6.598  1.636  0.747!
C  7.923  1.586  1.169!
C  8.970  1.620  0.241!
C  8.668  1.704 -1.120!
H 10.003  1.578  0.575!
H  5.806  1.597  1.489!
H  8.143  1.515  2.231!
H  9.467  1.728 -1.856!
H  7.118  1.825 -2.606!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     8.5211                11.8814                16.4630!
 Red. masses --     5.6987                 6.1547                 4.1348!
 ZERO-POINT CORRECTION= 0.817456 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.881139!
 Thermal correction to Enthalpy=                  0.882194!
 Thermal correction to Gibbs Free Energy=         0.705478!
 Sum of electronic and zero-point Energies=          -2855.003029!
 Sum of electronic and thermal Energies=             -2854.939346!
 Sum of electronic and thermal Enthalpies=           -2854.938291!
 Sum of electronic and thermal Free Energies=        -2855.115007!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000005     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!!!!!!
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  !
GS1.I!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -1.480 -1.088 -0.855!
P  2.318 -0.820  0.202!
P -1.779  0.878  0.531!
O  1.006  1.861 -0.124!
C -1.052  0.861  2.229!
C -1.042 -0.357  2.926!
H -1.395 -1.262  2.439!
C -0.581 -0.417  4.242!
H -0.587 -1.366  4.772!
C -0.108  0.736  4.874!
H  0.256  0.689  5.896!
C -0.102  1.949  4.183!
H  0.268  2.850  4.666!
C -0.574  2.014  2.870!
H -0.574  2.966  2.349!
C -3.582  1.106  0.897!
C -4.049  1.771  2.042!
H -3.344  2.182  2.758!
C -5.419  1.902  2.275!
H -5.766  2.416  3.167!
C -6.340  1.373  1.368!
H -7.406  1.474  1.552!
C -5.886  0.710  0.226!
H -6.597  0.295 -0.483!
C -4.516  0.574 -0.007!
H -4.162  0.060 -0.896!
C -1.283  2.517 -0.163!
C -2.251  3.473 -0.504!
H -3.293  3.280 -0.278!
C -1.896  4.659 -1.142!
H -2.661  5.384 -1.404!
C -0.560  4.917 -1.435!
H -0.298  5.848 -1.924!
C  0.445  4.004 -1.096!
C  0.061  2.806 -0.476!
C  1.936  4.290 -1.287!
C  2.650  2.956 -1.520!
C  3.810  2.832 -2.293!
H  4.183  3.687 -2.844!
C  4.510  1.629 -2.356!
H  5.408  1.554 -2.962!
C  4.071  0.534 -1.616!
H  4.635 -0.392 -1.644!
C  2.906  0.602 -0.837!
C  2.191  1.815 -0.842!
C  2.190  5.290 -2.430!
H  1.822  4.913 -3.389!
H  3.256  5.504 -2.527!
H  1.704  6.247 -2.224!
C  2.486  4.903  0.035!
H  2.330  4.227  0.881!
H  1.978  5.849  0.254!
H  3.560  5.096 -0.055!
C  3.334 -0.614  1.741!
C  3.574 -1.184  4.099!
C  4.740 -0.420  4.174!
H  5.282 -0.342  5.112!
C  5.203  0.249  3.038!
H  6.108  0.848  3.090!
C  4.508  0.150  1.831!
H  4.882  0.672  0.956!
C  3.153 -2.249 -0.638!
C  4.169 -3.018 -0.051!
H  4.565 -2.743  0.921!
C  4.683 -4.141 -0.707!
H  5.470 -4.723 -0.235!
C  4.197 -4.510 -1.962!
H  4.599 -5.381 -2.470!
C  3.186 -3.751 -2.559!
H  2.800 -4.028 -3.536!
C  2.664 -2.639 -1.900!
H  1.873 -2.062 -2.373!
C -1.345 -3.043 -1.767!
C -1.210 -0.109 -2.710!
C -2.516  0.118 -3.346!
H -0.597 -0.822 -3.264!
H -0.664  0.814 -2.502!
C -2.018 -3.246 -3.049!
C -3.129  1.305 -3.514!
H -3.012 -0.777 -3.723!
H -2.678  2.234 -3.175!
H -4.099  1.379 -3.998!
C -1.400 -3.372 -4.238!
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H -3.108 -3.263 -3.043!
H -0.316 -3.366 -4.320!
H -1.961 -3.484 -5.161!
C -1.931 -3.520 -0.500!
H -0.266 -3.199 -1.822!
C -3.306 -3.835 -0.327!
C -1.101 -3.610  0.648!
C -1.611 -4.014  1.886!
C -3.803 -4.232  0.907!
C -2.961 -4.328  2.025!
H -0.941 -4.094  2.738!
H -3.358 -4.648  2.984!
H -0.040 -3.403  0.543!
H -3.980 -3.783 -1.175!
H -4.857 -4.479  1.003!
C  2.873 -1.272  2.895!
H  3.203 -1.702  4.979!
H  1.953 -1.848  2.851!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --    13.1864                15.2851                18.3212!
 Red. masses --     4.9334                 5.4063                 5.1348!!
 ZERO-POINT CORRECTION= 0.817449 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.881212!
 Thermal correction to Enthalpy=                  0.882267!
 Thermal correction to Gibbs Free Energy=         0.707555!
 Sum of electronic and zero-point Energies=          -2855.000186!
 Sum of electronic and thermal Energies=             -2854.936423!
 Sum of electronic and thermal Enthalpies=           -2854.935368!
 Sum of electronic and thermal Free Energies=        -2855.110079!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000008     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!!!
  !
GS1.J!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -1.933  0.230 -0.483!
P  1.844  1.525 -0.545!
P -0.916 -1.922 -0.500!
O  1.544 -1.036  0.992!
C  2.372 -0.162  1.678!
C  2.616  1.092  1.086!
C  3.438  1.989  1.784!
H  3.638  2.965  1.355!
C  3.987  1.653  3.018!
H  4.614  2.364  3.549!
C  3.742  0.395  3.566!
H  4.192  0.140  4.518!
C  2.944 -0.543  2.902!
C  0.882 -2.017  1.704!
C -0.286 -2.548  1.122!
C -0.990 -3.521  1.846!
H -1.895 -3.946  1.429!
C -0.545 -3.946  3.096!
H -1.109 -4.692  3.647!
C  0.635 -3.430  3.626!
H  0.982 -3.792  4.587!
C  1.382 -2.470  2.933!
C  3.233  1.229 -1.738!
C  4.526  0.828 -1.371!
H  4.778  0.706 -0.323!
C  5.501  0.585 -2.343!
H  6.496  0.272 -2.038!
C  5.203  0.751 -3.696!
H  5.964  0.566 -4.450!
C  3.919  1.150 -4.076!
H  3.676  1.278 -5.128!
C  2.941  1.373 -3.107!
H  1.941  1.666 -3.418!
C  1.797  3.377 -0.429!
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C  0.784  3.938  0.373!
H  0.110  3.290  0.930!
C  0.641  5.322  0.477!
H -0.140  5.736  1.108!
C  1.495  6.173 -0.232!
H  1.378  7.250 -0.159!
C  2.496  5.628 -1.037!
H  3.166  6.281 -1.590!
C  2.649  4.241 -1.132!
H  3.436  3.835 -1.759!
C  0.442 -2.368 -1.675!
C  1.396 -3.356 -1.378!
H  1.386 -3.853 -0.413!
C  2.364 -3.712 -2.319!
H  3.096 -4.476 -2.073!
C  2.391 -3.091 -3.569!
H  3.145 -3.368 -4.300!
C  1.448 -2.107 -3.872!
H  1.467 -1.613 -4.839!
C  0.484 -1.745 -2.930!
H -0.237 -0.971 -3.163!
C -2.233 -3.156 -0.932!
C -1.942 -4.418 -1.473!
H -0.913 -4.707 -1.661!
C -2.970 -5.310 -1.784!
H -2.729 -6.281 -2.207!
C -4.302 -4.956 -1.556!
H -5.100 -5.651 -1.801!
C -4.603 -3.703 -1.018!
H -5.636 -3.419 -0.840!
C -3.576 -2.808 -0.712!
H -3.810 -1.828 -0.305!
C  2.757 -1.980  3.395!
C  3.837 -2.869  2.711!
C  2.925 -2.093  4.921!
H  2.189 -1.485  5.456!
H  3.925 -1.775  5.226!
H  2.822 -3.130  5.248!
H  3.758 -2.820  1.621!
H  3.717 -3.914  3.016!
H  4.840 -2.535  2.996!
H -0.790  2.607  3.528!
C -1.595  2.122  2.982!
H -2.547  2.646  2.937!
C -1.420  0.925  2.389!
H -0.441  0.454  2.494!
H -3.419  0.593  1.684!
C -2.414  0.168  1.607!
H -2.430 -0.888  1.888!
C -4.098  2.700 -0.095!
C -2.904  2.247 -0.825!
C -2.946  1.512 -2.041!
H -2.011  2.844 -0.644!
C -1.796  1.071 -2.695!
H -1.894  0.452 -3.580!
H -0.840  1.564 -2.544!
H -3.906  1.132 -2.386!
C -4.010  3.838  0.730!
C -5.347  2.050 -0.179!
C -6.456  2.531  0.514!
C -5.119  4.316  1.430!
C -6.351  3.667  1.323!
H -7.407  2.012  0.429!
H -7.216  4.038  1.865!
H -3.059  4.357  0.810!
H -5.020  5.199  2.054!
H -5.448  1.153 -0.783!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --    -2.9435                11.0724                13.6229!
 Red. masses --     4.5864                 5.7055                 6.0136!!
 ZERO-POINT CORRECTION= 0.817890 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.880284!
 Thermal correction to Enthalpy=                  0.881339!
 Thermal correction to Gibbs Free Energy=         0.710996!
 Sum of electronic and zero-point Energies=          -2855.012103!
 Sum of electronic and thermal Energies=             -2854.949709!
 Sum of electronic and thermal Enthalpies=           -2854.948654!
 Sum of electronic and thermal Free Energies=        -2855.118997!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000005     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!!!!!!!
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  !
TS1.L!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P -0.265 -1.788  0.334!
P  1.434  1.792  0.335!
O  2.354 -0.901 -0.544!
C  2.004 -2.024 -1.270!
C  0.781 -2.629 -0.936!
C  0.395 -3.749 -1.686!
H -0.547 -4.241 -1.475!
C  1.208 -4.230 -2.713!
H  0.892 -5.094 -3.289!
C  2.427 -3.614 -3.001!
H  3.046 -4.014 -3.796!
C  2.855 -2.497 -2.274!
C  3.061  0.076 -1.219!
C  2.796  1.410 -0.871!
C  3.553  2.398 -1.522!
H  3.395  3.442 -1.277!
C  4.489  2.057 -2.497!
H  5.058  2.837 -2.995!
C  4.696  0.721 -2.841!
H  5.422  0.478 -3.609!
C  3.990 -0.301 -2.198!
C  0.585 -2.177  1.935!
C  1.746 -2.955  2.040!
H  2.214 -3.357  1.148!
C  2.304 -3.233  3.291!
H  3.205 -3.837  3.355!
C  1.704 -2.746  4.453!
H  2.136 -2.966  5.425!
C  0.544 -1.972  4.359!
H  0.071 -1.587  5.258!
C -0.005 -1.683  3.111!
H -0.902 -1.072  3.049!
C -1.739 -2.905  0.499!
C -3.018 -2.387  0.253!
H -3.117 -1.348 -0.049!
C -4.155 -3.187  0.404!
H -5.137 -2.766  0.208!
C -4.025 -4.516  0.809!
H -4.907 -5.138  0.929!
C -2.756 -5.041  1.069!
H -2.649 -6.072  1.394!
C -1.622 -4.242  0.920!
H -0.644 -4.658  1.142!
C  2.280  1.627  1.974!
C  3.674  1.569  2.125!
H  4.316  1.599  1.251!
C  4.246  1.477  3.396!
H  5.327  1.428  3.496!
C  3.435  1.455  4.532!
H  3.882  1.387  5.520!
C  2.047  1.514  4.393!
H  1.408  1.490  5.272!
C  1.474  1.588  3.123!
H  0.392  1.612  3.022!
C  1.304  3.635  0.154!
C  1.693  4.543  1.150!
H  2.137  4.183  2.071!
C  1.518  5.919  0.969!
H  1.824  6.605  1.753!
C  0.963  6.409 -0.213!
H  0.831  7.478 -0.354!
C  0.575  5.515 -1.216!
H  0.141  5.886 -2.140!
C  0.734  4.143 -1.028!
H  0.416  3.456 -1.808!
C  4.209 -1.799 -2.451!
C  5.184 -2.343 -1.366!
C  4.818 -2.066 -3.837!
H  4.173 -1.700 -4.642!
H  4.984 -3.136 -3.985!
H  5.794 -1.584 -3.931!
H  4.795 -2.172 -0.359!
H  6.156 -1.844 -1.447!
H  5.334 -3.419 -1.498!
C -5.708  1.462 -0.479!
C -4.344  1.941 -0.754!
H -4.291  2.788 -1.431!
C -3.286  1.818  0.158!
H -3.452  1.248  1.071!
H -1.462  2.671  0.877!
C -2.010  2.388 -0.021!
H -1.885  3.086 -0.845!
Pd -0.743  0.555 -0.242!
H -0.580 -0.170 -2.639!
C -1.596 -0.158 -2.242!
C -2.502  0.756 -2.812!
H -1.990 -1.145 -2.013!
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C -3.874  0.694 -2.643!
H -4.532  1.326 -3.230!
H -4.326 -0.209 -2.245!
H -2.088  1.633 -3.312!
C -5.986  0.405  0.413!
C -7.294 -0.014  0.650!
C -6.803  2.064 -1.132!
C -8.111  1.641 -0.898!
C -8.367  0.599 -0.003!
H -7.477 -0.828  1.348!
H -9.385  0.269  0.181!
H -6.618  2.880 -1.827!
H -8.934  2.130 -1.415!
H -5.169 -0.097  0.923!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -303.3931                10.5860                13.9328!
 Red. masses --    10.2059                 5.8457                 5.8920!!
 ZERO-POINT CORRECTION= 0.818052 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.880262!
 Thermal correction to Enthalpy=                  0.881317!
 Thermal correction to Gibbs Free Energy=         0.712204!
 Sum of electronic and zero-point Energies=          -2854.994413!
 Sum of electronic and thermal Energies=             -2854.932203!
 Sum of electronic and thermal Enthalpies=           -2854.931148!
 Sum of electronic and thermal Free Energies=        -2855.100261!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000049     0.000450     YES!
 RMS     FORCE            0.000006     0.000300     YES!
________________________________________!!!!!!!!!!!!!!
  !
TS1.M!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P  0.707 -1.963 -0.438!
P  0.169  2.027 -0.088!
O  2.409  0.136  0.618!
C -0.659  2.144  1.565!
C -1.991  1.702  1.662!
H -2.488  1.298  0.784!
C -2.678  1.767  2.875!
H -3.707  1.425  2.928!
C -2.037  2.258  4.017!
H -2.567  2.300  4.964!
C -0.712  2.690  3.934!
H -0.207  3.070  4.817!
C -0.029  2.639  2.716!
H  0.998  2.988  2.666!
C -0.339  3.610 -0.913!
C -1.246  4.527 -0.360!
H -1.652  4.357  0.631!
C -1.633  5.665 -1.075!
H -2.335  6.364 -0.629!
C -1.116  5.909 -2.348!
H -1.418  6.794 -2.901!
C -0.208  5.005 -2.908!
H  0.202  5.186 -3.898!
C  0.171  3.865 -2.201!
H  0.878  3.171 -2.649!
C  1.944  2.445  0.297!
C  2.428  3.764  0.286!
H  1.738  4.584  0.123!
C  3.784  4.035  0.453!
H  4.136  5.063  0.435!
C  4.694  2.992  0.632!
H  5.747  3.221  0.742!
C  4.258  1.665  0.682!
C  2.884  1.428  0.533!
C  5.177  0.464  0.945!
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C  4.607 -0.731  0.170!
C  5.373 -1.753 -0.402!
H  6.455 -1.699 -0.379!
C  4.759 -2.858 -0.994!
H  5.369 -3.646 -1.427!
C  3.368 -2.968 -1.018!
H  2.907 -3.841 -1.468!
C  2.562 -1.957 -0.476!
C  3.216 -0.855  0.094!
C  6.636  0.759  0.558!
H  6.732  1.011 -0.503!
H  7.272 -0.104  0.767!
H  7.033  1.589  1.148!
C  5.123  0.127  2.464!
H  4.102 -0.092  2.786!
H  5.494  0.974  3.052!
H  5.746 -0.746  2.681!
C  0.421 -2.401  1.342!
C -0.614 -1.758  2.034!
H -1.212 -1.011  1.522!
C -0.865 -2.050  3.378!
H -1.668 -1.535  3.897!
C -0.080 -2.989  4.047!
H -0.271 -3.216  5.092!
C  0.960 -3.633  3.369!
H  1.579 -4.361  3.886!
C  1.211 -3.340  2.029!
H  2.028 -3.840  1.516!
C  0.317 -3.541 -1.330!
C -0.287 -4.652 -0.722!
H -0.478 -4.651  0.346!
C -0.643 -5.774 -1.477!
H -1.111 -6.623 -0.986!
C -0.397 -5.808 -2.850!
H -0.671 -6.682 -3.434!
C  0.200 -4.706 -3.470!
H  0.392 -4.719 -4.539!
C  0.540 -3.581 -2.720!
H  0.986 -2.724 -3.219!
Pd -0.533 -0.028 -1.289!
C -2.226 -1.160 -2.546!
C -1.561  0.728 -3.330!
C -2.869  1.371 -3.555!
C -3.310  2.513 -3.005!
H -3.543  0.846 -4.235!
H -2.706  3.089 -2.312!
H -4.297  2.902 -3.241!
C -2.883 -1.340 -1.249!
C -4.055 -0.747 -0.892!
H -2.390 -2.008 -0.547!
H -1.201  0.169 -4.192!
H -0.804  1.450 -3.014!
H -1.509 -1.933 -2.811!
H -2.938 -1.018 -3.352!
C -4.770 -0.893  0.375!
H -4.519 -0.070 -1.608!
C -4.396 -1.805  1.387!
C -5.908 -0.092  0.613!
C -6.628 -0.184  1.803!
C -5.116 -1.897  2.575!
C -6.236 -1.087  2.795!
H -3.535 -2.450  1.243!
H -4.804 -2.609  3.335!
H -7.498  0.450  1.956!
H -6.796 -1.163  3.722!
H -6.220  0.615 -0.151!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -408.1217                13.9511                15.0914!
 Red. masses --     4.0469                 5.5446                 5.7267!!
 ZERO-POINT CORRECTION= 0.818041 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.880752!
 Thermal correction to Enthalpy=                  0.881807!
 Thermal correction to Gibbs Free Energy=         0.711215!
 Sum of electronic and zero-point Energies=          -2854.969810!
 Sum of electronic and thermal Energies=             -2854.907099!
 Sum of electronic and thermal Enthalpies=           -2854.906044!
 Sum of electronic and thermal Free Energies=        -2855.076636!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000006     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!!!!!!!!!!
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  !
TS1.N!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P -1.260  2.086  0.454!
P -0.268 -2.120  0.542!
O -2.332 -0.387 -0.780!
C -2.607  0.695 -1.600!
C -2.121  1.950 -1.185!
C -2.331  3.036 -2.046!
H -1.959  4.015 -1.768!
C -3.008  2.876 -3.255!
H -3.149  3.726 -3.915!
C -3.537  1.632 -3.598!
H -4.100  1.535 -4.519!
C -3.366  0.520 -2.766!
C -2.337 -1.650 -1.344!
C -1.501 -2.616 -0.749!
C -1.537 -3.915 -1.276!
H -0.917 -4.687 -0.837!
C -2.342 -4.222 -2.372!
H -2.353 -5.232 -2.770!
C -3.130 -3.234 -2.958!
H -3.744 -3.488 -3.815!
C -3.150 -1.930 -2.450!
C -2.698  2.316  1.607!
C -4.040  2.401  1.206!
H -4.295  2.350  0.152!
C -5.058  2.557  2.150!
H -6.091  2.620  1.819!
C -4.753  2.640  3.509!
H -5.545  2.765  4.242!
C -3.420  2.556  3.922!
H -3.172  2.614  4.978!
C -2.405  2.385  2.981!
H -1.375  2.305  3.317!
C -0.563  3.804  0.401!
C  0.814  3.926  0.150!
H  1.408  3.030 -0.004!
C  1.427  5.181  0.113!
H  2.493  5.256 -0.084!
C  0.673  6.334  0.343!
H  1.149  7.310  0.322!
C -0.694  6.226  0.608!
H -1.285  7.119  0.794!
C -1.308  4.972  0.638!
H -2.370  4.901  0.850!
C -1.279 -1.845  2.064!
C -2.623 -2.226  2.176!
H -3.130 -2.683  1.332!
C -3.317 -2.031  3.373!
H -4.359 -2.329  3.445!
C -2.674 -1.460  4.473!
H -3.214 -1.313  5.403!
C -1.335 -1.075  4.370!
H -0.829 -0.625  5.220!
C -0.645 -1.257  3.171!
H  0.392 -0.945  3.097!
C  0.578 -3.725  0.925!
C  0.136 -4.616  1.915!
H -0.748 -4.384  2.500!
C  0.827 -5.804  2.160!
H  0.474 -6.482  2.932!
C  1.965 -6.124  1.415!
H  2.501 -7.048  1.608!
C  2.413 -5.246  0.424!
H  3.298 -5.485 -0.157!
C  1.728 -4.053  0.187!
H  2.084 -3.363 -0.574!
C -4.062 -0.826 -2.994!
C -5.381 -0.830 -2.167!
C -4.412 -1.051 -4.476!
H -3.518 -1.064 -5.107!
H -5.081 -0.268 -4.839!
H -4.944 -1.996 -4.610!
H -5.182 -0.673 -1.103!
H -5.897 -1.789 -2.282!
H -6.047 -0.032 -2.512!
C  6.426  0.524 -0.128!
C  5.112 -0.150 -0.129!
H  5.157 -1.214 -0.353!
C  4.033  0.264  0.659!
H  4.013  1.297  1.004!
H  2.326 -0.214  1.830!
C  2.931 -0.543  0.986!
H  3.069 -1.622  0.926!
Pd  1.215 -0.467 -0.439!
H  1.165  0.514 -2.583!
C  2.107  0.679 -2.042!
C  3.244 -0.019 -2.505!
H  2.260  1.716 -1.742!
C  4.549  0.385 -2.261!
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H  5.381 -0.158 -2.698!
H  4.746  1.426 -2.030!
H  3.082 -0.986 -2.983!
C  6.589  1.895  0.155!
C  7.852  2.484  0.154!
C  7.583 -0.223 -0.425!
C  8.847  0.366 -0.427!
C  8.990  1.725 -0.135!
H  7.949  3.543  0.377!
H  9.973  2.187 -0.135!
H  7.483 -1.282 -0.650!
H  9.721 -0.238 -0.654!
H  5.720  2.509  0.373!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -320.2615                10.0376                12.2850!
 Red. masses --    10.5419                 6.2397                 5.6218!!
 ZERO-POINT CORRECTION= 0.816967 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.879599!
 Thermal correction to Enthalpy=                  0.880654!
 Thermal correction to Gibbs Free Energy=         0.707555!
 Sum of electronic and zero-point Energies=          -2854.989606!
 Sum of electronic and thermal Energies=             -2854.926974!
 Sum of electronic and thermal Enthalpies=           -2854.925919!
 Sum of electronic and thermal Free Energies=        -2855.099018!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000007     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!!!!!!!
  !
TS1.O!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -1.500 -1.114 -0.862!
P  2.230 -0.707  0.197!
P -1.843  0.852  0.484!
O  0.895  1.948 -0.144!
C -1.114  0.924  2.179!
C -0.981 -0.283  2.882!
H -1.256 -1.220  2.406!
C -0.493 -0.290  4.190!
H -0.398 -1.231  4.723!
C -0.116  0.907  4.805!
H  0.272  0.900  5.820!
C -0.233  2.111  4.108!
H  0.062  3.044  4.579!
C -0.733  2.121  2.804!
H -0.825  3.065  2.275!
C -3.656  1.045  0.839!
C -4.150  1.728  1.962!
H -3.462  2.169  2.676!
C -5.525  1.839  2.176!
H -5.892  2.367  3.052!
C -6.427  1.274  1.270!
H -7.496  1.361  1.440!
C -5.947  0.593  0.150!
H -6.641  0.147 -0.557!
C -4.572  0.475 -0.061!
H -4.196 -0.069 -0.923!
C -1.419  2.493 -0.262!
C -2.419  3.385 -0.676!
H -3.458  3.154 -0.473!
C -2.101  4.560 -1.354!
H -2.891  5.233 -1.672!
C -0.769  4.876 -1.612!
H -0.537  5.800 -2.129!
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C  0.266  4.028 -1.203!
C -0.083  2.837 -0.551!
C  1.750  4.377 -1.351!
C  2.526  3.069 -1.531!
C  3.709  2.971 -2.271!
H  4.068  3.827 -2.830!
C  4.450  1.790 -2.293!
H  5.366  1.734 -2.873!
C  4.024  0.690 -1.552!
H  4.615 -0.220 -1.554!
C  2.836  0.732 -0.807!
C  2.092  1.927 -0.841!
C  1.999  5.361 -2.507!
H  1.685  4.946 -3.470!
H  3.058  5.622 -2.572!
H  1.463  6.298 -2.342!
C  2.226  5.041 -0.026!
H  2.069  4.377  0.830!
H  1.673  5.968  0.154!
H  3.294  5.277 -0.083!
C  3.193 -0.519  1.771!
C  2.865 -1.390  2.825!
H  2.084 -2.133  2.686!
C  3.526 -1.312  4.051!
H  3.263 -1.999  4.851!
C  4.514 -0.344  4.254!
H  5.022 -0.276  5.212!
C  4.838  0.537  3.222!
H  5.602  1.294  3.372!
C  4.187  0.448  1.988!
H  4.457  1.134  1.192!
C  3.110 -2.117 -0.631!
C  4.312 -2.682 -0.179!
H  4.810 -2.269  0.692!
C  4.878 -3.777 -0.839!
H  5.808 -4.203 -0.473!
C  4.255 -4.320 -1.964!
H  4.696 -5.171 -2.475!
C  3.057 -3.766 -2.425!
H  2.563 -4.185 -3.298!
C  2.486 -2.681 -1.759!
H  1.545 -2.267 -2.114!
H -1.679 -3.686 -4.342!
C -2.598 -3.278 -3.934!
H -3.464 -3.320 -4.587!
H -0.710 -3.487 -2.091!
C -2.758 -3.188 -2.568!
C -1.883 -1.208 -4.709!
C -1.667 -3.197 -1.658!
C -1.776 -3.481 -0.217!
H -3.758 -3.003 -2.177!
H  0.121 -1.208 -4.023!
C -0.878 -0.799 -3.857!
H -1.938  0.665 -2.720!
C -1.058  0.019 -2.711!
H -0.166  0.517 -2.335!
H -1.643 -1.678 -5.657!
H -2.866 -0.750 -4.644!
C -2.973 -3.305  0.522!
C -0.635 -3.930  0.496!
C -0.699 -4.227  1.853!
C -3.030 -3.601  1.886!
C -1.899 -4.069  2.558!
H -1.950 -4.308  3.616!
H -3.966 -3.469  2.421!
H  0.299 -4.061 -0.044!
H  0.188 -4.590  2.365!
H -3.874 -2.971  0.016!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -296.5210                12.5561                15.7421!
 Red. masses --    10.2453                 6.0655                 5.9089!!
 ZERO-POINT CORRECTION= 0.817417 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.879988!
 Thermal correction to Enthalpy=                  0.881043!
 Thermal correction to Gibbs Free Energy=         0.709927!
 Sum of electronic and zero-point Energies=          -2854.995579!
 Sum of electronic and thermal Energies=             -2854.933008!
 Sum of electronic and thermal Enthalpies=           -2854.931953!
 Sum of electronic and thermal Free Energies=        -2855.103069!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000007     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!!!!!!!!!!!!!!!!!!!!
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Structures and Energies Figure 1.9!!
  !
GS1.L!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -1.987  1.064 -1.026!
P  0.238  1.304 -0.056!
P  3.892 -1.102 -1.479!
C -3.798  0.706 -2.051!
C -3.115  1.915  0.507!
C -3.171  3.375  0.322!
H -2.543  1.615  1.389!
H -4.094  1.432  0.493!
C -4.267  4.080 -0.011!
H -2.238  3.918  0.482!
H -5.227  3.596 -0.171!
H -4.237  5.160 -0.124!
C -4.471 -0.486 -1.540!
H -3.349  0.549 -3.044!
H -4.418  1.605 -2.042!
C -5.631 -0.505 -0.833!
H -3.967 -1.434 -1.733!
C  3.154 -2.693 -0.875!
C  5.518 -1.077 -0.593!
C  0.360  0.872  1.730!
C  1.039  2.956 -0.209!
C  1.419  0.141 -0.927!
C  3.261 -3.141  0.454!
C  2.647 -4.328  0.856!
C  2.423 -3.468 -1.789!
C  1.805 -4.656 -1.387!
C  1.916 -5.087 -0.064!
H  3.834 -2.564  1.174!
H  2.740 -4.662  1.885!
H  1.439 -6.011  0.250!
H  2.341 -3.142 -2.822!
H  1.243 -5.244 -2.107!
C  6.429 -2.117 -0.859!
C  5.931 -0.032  0.248!
C  7.210 -0.031  0.812!
C  7.701 -2.120 -0.290!
C  8.098 -1.074  0.549!
H  6.137 -2.935 -1.513!
H  8.385 -2.937 -0.504!
H  9.091 -1.072  0.989!
H  5.262  0.792  0.474!
H  7.508  0.788  1.462!
C  0.587 -0.453  2.140!
C  0.078  1.840  2.709!
C  0.042  1.496  4.062!
C  0.552 -0.794  3.493!
C  0.281  0.178  4.458!
H  0.738 -1.822  3.791!
H  0.253 -0.089  5.511!
H  0.794 -1.230  1.411!
H -0.106  2.870  2.419!
H -0.173  2.259  4.804!
C  2.135  3.364  0.572!
C  0.546  3.829 -1.192!
C  1.140  5.076 -1.400!
C  2.723  4.613  0.367!
C  2.229  5.470 -0.620!
H -0.312  3.528 -1.788!
H  0.746  5.740 -2.164!
H  2.522  2.713  1.349!
H  3.567  4.917  0.979!
H  2.688  6.441 -0.777!
C  2.887  0.140 -0.484!
H  1.337  0.406 -1.987!
H  0.978 -0.857 -0.832!
H  3.327  1.125 -0.664!
H  2.975 -0.075  0.586!
H -6.156  0.441 -0.694!
C -6.292 -1.671 -0.245!
C -7.578 -1.521  0.316!
C -5.714 -2.960 -0.202!
C -6.395 -4.036  0.360!
C -7.673 -3.866  0.906!
C -8.258 -2.598  0.881!
H -8.199 -4.708  1.347!
H -4.718 -3.118 -0.604!
H -5.924 -5.015  0.379!
H -9.248 -2.447  1.304!
H -8.045 -0.539  0.301!!!!!!
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                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     5.6473                 8.8557                13.6319!
 Red. masses --     6.1572                 5.7900                 6.3016!
 !
ZERO-POINT CORRECTION= 0.645391 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.695762!
 Thermal correction to Enthalpy=                  0.696817!
 Thermal correction to Gibbs Free Energy=         0.544943!
 Sum of electronic and zero-point Energies=          -2279.740873!
 Sum of electronic and thermal Energies=             -2279.690502!
 Sum of electronic and thermal Enthalpies=           -2279.689447!
 Sum of electronic and thermal Free Energies=        -2279.841321!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000006     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!
  !
GS1.M!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -2.313  0.063 -0.559!
P -0.207  0.944  0.004!
P  3.830 -0.702 -1.452!
C  3.532 -2.329 -0.610!
C  5.459 -0.200 -0.729!
C  0.189  0.876  1.800!
C  0.087  2.692 -0.498!
C  1.175 -0.003 -0.828!
C  3.833 -2.565  0.743!
C  3.549 -3.798  1.331!
C  2.947 -3.362 -1.358!
C  2.659 -4.598 -0.770!
C  2.959 -4.817  0.575!
H  4.299 -1.783  1.337!
H  3.789 -3.967  2.377!
H  2.739 -5.777  1.033!
H  2.720 -3.200 -2.409!
H  2.206 -5.387 -1.364!
C  6.579 -0.999 -1.026!
C  5.659  0.973  0.016!
C  6.937  1.331  0.458!
C  7.851 -0.647 -0.578!
C  8.035  0.523  0.166!
H  6.454 -1.908 -1.609!
H  8.700 -1.283 -0.813!
H  9.027  0.801  0.511!
H  4.822  1.619  0.261!
H  7.068  2.243  1.034!
C  0.720 -0.298  2.362!
C -0.150  1.937  2.656!
C  0.054  1.834  4.034!
C  0.924 -0.398  3.739!
C  0.593  0.668  4.580!
H  1.343 -1.310  4.154!
H  0.752  0.589  5.651!
H  0.979 -1.143  1.733!
H -0.569  2.852  2.250!
H -0.211  2.667  4.679!
C  1.132  3.476  0.022!
C -0.743  3.243 -1.488!
C -0.529  4.541 -1.956!
C  1.342  4.775 -0.444!
C  0.514  5.308 -1.435!
H -1.563  2.651 -1.884!
H -1.181  4.952 -2.721!
H  1.775  3.080  0.801!
H  2.151  5.370 -0.031!
H  0.679  6.320 -1.795!
C  2.622  0.392 -0.513!
H  0.966  0.101 -1.898!
H  0.993 -1.056 -0.591!
H  2.806  1.422 -0.837!
H  2.819  0.339  0.563!
H -5.353  3.679 -0.072!
C -5.108  2.675  0.265!
H -5.927  1.961  0.320!
C -3.851  2.328  0.600!
H -3.082  3.101  0.532!
C -3.386  1.000  1.040!
C -5.204 -1.545 -0.676!
C -4.113 -0.985 -1.486!
C -2.926 -1.682 -1.840!
H -4.408 -0.161 -2.136!
C -1.884 -1.079 -2.550!
H -0.962 -1.624 -2.719!
H -2.074 -0.238 -3.213!
H -2.738 -2.654 -1.388!
C -6.491 -0.978 -0.772!
C -5.034 -2.630  0.210!
C -6.105 -3.131  0.946!
C -7.561 -1.476 -0.029!
C -7.377 -2.559  0.832!
H -5.945 -3.970  1.618!
 524
H -8.209 -2.951  1.410!
H -6.649 -0.141 -1.447!
H -8.542 -1.018 -0.127!
H -4.052 -3.076  0.334!
H -4.212  0.324  1.278!
H -2.691  1.059  1.882!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --     5.4858                 9.6044                17.2858!
 Red. masses --     5.8322                 5.4950                 4.4631!!
 ZERO-POINT CORRECTION= 0.645718 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.695799!
 Thermal correction to Enthalpy=                  0.696854!
 Thermal correction to Gibbs Free Energy=         0.548068!
 Sum of electronic and zero-point Energies=          -2279.753996!
 Sum of electronic and thermal Energies=             -2279.703915!
 Sum of electronic and thermal Enthalpies=           -2279.702860!
 Sum of electronic and thermal Free Energies=        -2279.851646!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000003     0.000450    YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!!
  !
GS1.N!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -2.708 -0.344  0.169!
P -0.640  0.860  0.178!
P  3.381 -0.873 -1.230!
C -4.374 -1.702 -0.041!
C -3.782  0.834  1.561!
C -4.436  1.945  0.851!
H -3.009  1.169  2.257!
H -4.484  0.157  2.053!
C -5.753  2.065  0.600!
H -3.777  2.741  0.497!
H -6.466  1.315  0.936!
H -6.156  2.917  0.060!
C -4.458 -2.576  1.129!
C -3.604 -2.063 -1.237!
H -5.293 -1.153 -0.252!
C -5.462 -2.579  2.027!
H -3.634 -3.273  1.285!
C  3.436 -2.064  0.192!
C  4.992  0.019 -1.035!
C -0.070  1.451  1.827!
C -0.578  2.351 -0.906!
C  0.747 -0.222 -0.461!
C  3.947 -1.733  1.459!
C  3.927 -2.662  2.499!
C  2.914 -3.352 -0.007!
C  2.890 -4.284  1.036!
C  3.396 -3.939  2.290!
H  4.371 -0.747  1.628!
H  4.328 -2.393  3.472!
H  3.383 -4.662  3.100!
H  2.528 -3.629 -0.985!
H  2.483 -5.276  0.865!
C  6.175 -0.726 -1.208!
C  5.103  1.401 -0.817!
C  6.357  2.018 -0.764!
C  7.424 -0.112 -1.146!
C  7.520  1.265 -0.925!
H  6.116 -1.797 -1.386!
H  8.324 -0.708 -1.274!
H  8.493  1.746 -0.881!
H  4.216  2.011 -0.685!
H  6.420  3.089 -0.593!
C  0.738  0.646  2.647!
C -0.552  2.666  2.345!
C -0.220  3.071  3.639!
C  1.069  1.053  3.941!
C  0.594  2.267  4.441!
H  1.702  0.420  4.556!
H  0.852  2.583  5.447!
H  1.118 -0.305  2.287!
H -1.182  3.306  1.735!
H -0.598  4.015  4.019!
C  0.382  3.367 -0.765!
C -1.513  2.442 -1.950!
C -1.484  3.518 -2.839!
C  0.406  4.446 -1.651!
C -0.525  4.522 -2.690!
H -2.267  1.666 -2.059!
H -2.214  3.575 -3.641!
H  1.103  3.325  0.045!
H  1.151  5.226 -1.528!
H -0.505  5.363 -3.377!
C  2.149  0.387 -0.571!
H  0.393 -0.566 -1.439!
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H  0.748 -1.110  0.180!
H  2.136  1.222 -1.280!
H  2.486  0.776  0.396!
H -6.322 -1.922  1.921!
H -5.450 -3.239  2.889!
C -2.339 -2.711 -1.146!
C -4.021 -1.639 -2.530!
C -1.562 -2.942 -2.292!
C -3.246 -1.877 -3.654!
C -2.007 -2.533 -3.544!
H -1.406 -2.720 -4.429!
H -0.610 -3.456 -2.191!
H -4.979 -1.135 -2.627!
H -3.603 -1.557 -4.629!
H -1.995 -3.094 -0.190!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --    10.3105                14.5293                16.3753!
 Red. masses --     5.9132                 4.9149                 4.2943!!
 ZERO-POINT CORRECTION= 0.644979 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.695543!
 Thermal correction to Enthalpy=                  0.696598!
 Thermal correction to Gibbs Free Energy=         0.547121!
 Sum of electronic and zero-point Energies=          -2279.741914!
 Sum of electronic and thermal Energies=             -2279.691349!
 Sum of electronic and thermal Enthalpies=           -2279.690294!
 Sum of electronic and thermal Free Energies=        -2279.839772!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000017     0.000450     YES!
 RMS     FORCE            0.000002     0.000300     YES!
________________________________________!!!
  !
TS1.R!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P -0.119  0.389  0.545!
P -3.957 -0.291 -1.899!
C -5.545  0.612 -1.595!
C -4.308 -1.943 -1.131!
C  0.059  2.178  0.133!
C -0.952  0.369  2.193!
C -1.446 -0.241 -0.619!
C -5.679  1.715 -0.738!
C -6.902  2.384 -0.620!
C -6.669  0.203 -2.336!
C -7.891  0.862 -2.211!
C -8.011  1.958 -1.352!
H -4.836  2.065 -0.152!
H -6.985  3.236  0.049!
H -8.961  2.477 -1.258!
H -6.587 -0.642 -3.016!
H -8.747  0.524 -2.788!
C -5.072 -2.107  0.037!
C -3.759 -3.082 -1.741!
C -3.958 -4.353 -1.194!
C -5.275 -3.376  0.581!
C -4.717 -4.502 -0.033!
H -5.516 -1.241  0.518!
H -5.870 -3.487  1.483!
H -4.877 -5.489  0.392!
H -3.177 -2.975 -2.653!
H -3.525 -5.224 -1.679!
C -0.120  2.642 -1.182!
C  0.527  3.083  1.103!
C  0.790  4.413  0.770!
C  0.143  3.972 -1.512!
C  0.597  4.864 -0.538!
H -0.008  4.311 -2.533!
H  0.801  5.899 -0.796!
H -0.460  1.967 -1.961!
H  0.682  2.752  2.125!
H  1.146  5.097  1.536!
C -1.854  1.355  2.628!
C -0.688 -0.722  3.037!
C -1.317 -0.834  4.279!
C -2.476  1.248  3.873!
C -2.211  0.153  4.700!
H  0.020 -1.482  2.715!
H -1.102 -1.684  4.919!
H -2.064  2.216  2.000!
H -3.168  2.020  4.197!
H -2.695  0.073  5.668!
C -2.812  0.454 -0.607!
H -1.551 -1.300 -0.359!
H -1.001 -0.224 -1.621!
H -3.264  0.389  0.387!
H -2.699  1.515 -0.855!
Pd  1.904 -0.863  0.357!
H  6.042 -2.125  0.390!
C  5.742 -1.366 -0.327!
C  6.860 -0.696 -1.016!
H  3.687 -2.945  0.496!
C  4.476 -1.533 -0.904!
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C  5.440  0.057  1.393!
C  3.432 -2.264 -0.316!
H  2.651 -2.643 -0.990!
H  4.254 -1.003 -1.830!
H  4.419 -1.114  2.847!
C  4.317 -0.304  2.124!
H  2.968  1.207  1.440!
C  3.026  0.229  1.921!
H  2.306  0.090  2.727!
H  6.427 -0.209  1.753!
H  5.400  0.936  0.756!
C  6.667  0.341 -1.951!
C  8.186 -1.074 -0.726!
C  9.269 -0.461 -1.355!
C  7.749  0.951 -2.583!
C  9.058  0.555 -2.291!
H  7.571  1.747 -3.301!
H  9.900  1.035 -2.781!
H  5.660  0.680 -2.176!
H  8.363 -1.868 -0.004!
H 10.281 -0.778 -1.115!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -323.0066                 8.1503                10.0256!
 Red. masses --    10.8155                 6.0929                 6.3252!!
 ZERO-POINT CORRECTION= 0.645356 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.694509!
 Thermal correction to Enthalpy=                  0.695564!
 Thermal correction to Gibbs Free Energy=         0.548716!
 Sum of electronic and zero-point Energies=          -2279.732005!
 Sum of electronic and thermal Energies=             -2279.682852!
 Sum of electronic and thermal Enthalpies=           -2279.681797!
 Sum of electronic and thermal Free Energies=        -2279.828645!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000002     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!!!!!!!!!!!!
  !!
TS1.S!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P -0.700 -0.844  0.187!
P  3.403  0.617 -1.293!
C  4.962 -0.367 -1.119!
C  3.607  1.903  0.031!
C -0.663 -2.442 -0.731!
C -0.134 -1.264  1.894!
C  0.734  0.138 -0.513!
C  5.058 -1.613 -0.480!
C  6.273 -2.304 -0.440!
C  6.117  0.162 -1.724!
C  7.332 -0.520 -1.672!
C  7.413 -1.759 -1.031!
H  4.189 -2.059 -0.007!
H  6.325 -3.268  0.059!
H  8.356 -2.297 -0.997!
H  6.064  1.118 -2.240!
H  8.213 -0.089 -2.141!
C  4.284  1.671  1.241!
C  3.035  3.166 -0.187!
C  3.123  4.169  0.783!
C  4.379  2.673  2.206!
C  3.797  3.924  1.980!
H  4.743  0.704  1.425!
H  4.907  2.479  3.136!
H  3.873  4.704  2.733!
H  2.519  3.367 -1.122!
H  2.673  5.140  0.598!
C -0.306 -2.479 -2.090!
C -1.138 -3.624 -0.134!
C -1.237 -4.806 -0.870!
C -0.404 -3.663 -2.824!
C -0.870 -4.831 -2.217!
H -0.116 -3.669 -3.871!
H -0.946 -5.751 -2.788!
H  0.048 -1.583 -2.591!
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H -1.425 -3.627  0.913!
H -1.603 -5.708 -0.387!
C  0.790 -2.284  2.183!
C -0.632 -0.486  2.953!
C -0.209 -0.711  4.265!
C  1.205 -2.513  3.496!
C  0.709 -1.726  4.538!
H -1.359  0.293  2.740!
H -0.604 -0.099  5.071!
H  1.177 -2.909  1.386!
H  1.917 -3.307  3.704!
H  1.033 -1.908  5.559!
C  2.126 -0.504 -0.488!
H  0.728  1.072  0.059!
H  0.442  0.415 -1.532!
H  2.418 -0.739  0.540!
H  2.123 -1.439 -1.058!
Pd -2.785  0.292  0.048!
H -7.061  1.009 -0.172!
C -6.548  0.575 -1.023!
H -7.184  0.101 -1.764!
H -4.923  2.044  0.461!
C -5.295  1.035 -1.372!
C -6.269 -1.335  0.247!
C -4.447  1.719 -0.464!
C -3.259  2.503 -0.831!
H -4.900  0.764 -2.350!
H -5.592 -0.514  2.080!
C -5.293 -1.062  1.185!
H -3.660 -2.135  0.323!
C -3.909 -1.342  1.030!
H -3.327 -1.389  1.951!
H -7.318 -1.273  0.516!
H -6.035 -1.969 -0.604!
C -2.545  2.308 -2.042!
C -2.749  3.470  0.073!
C -1.624  4.228 -0.233!
C -1.415  3.074 -2.343!
C -0.952  4.039 -1.448!
H -0.080  4.639 -1.690!
H -0.900  2.915 -3.286!
H -3.271  3.630  1.013!
H -1.271  4.974  0.474!
H -2.905  1.587 -2.768!!!!!!!!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -303.1022                 8.3447                10.2361!
 Red. masses --    10.2856                 5.7240                 5.1797!!
 ZERO-POINT CORRECTION= 0.645025 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.694466!
 Thermal correction to Enthalpy=                  0.695521!
 Thermal correction to Gibbs Free Energy=         0.548041!
 Sum of electronic and zero-point Energies=          -2279.735344!
 Sum of electronic and thermal Energies=             -2279.685902!
 Sum of electronic and thermal Enthalpies=           -2279.684847!
 Sum of electronic and thermal Free Energies=        -2279.832327!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000006     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!!
_________________________________!!
Chapter 3!!
Structures and Energies Figure 3.6!!
  !
GS3.A!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.829  1.473 -0.366!
C -1.185  3.611 -0.728!
P  1.508  1.559 -0.008!
O  3.898  1.080 -1.279!
O  1.991 -3.267  1.833!
O  1.350  3.876  1.431!
C  2.544  1.253 -1.448!
C  2.239  1.223 -2.783!
H  1.253  1.330 -3.212!
C  3.469  1.015 -3.478!
H  3.612  0.933 -4.546!
C  4.436  0.935 -2.521!
H  5.505  0.786 -2.554!
C  1.912  0.327  1.305!
C  1.877 -1.057  1.051!
C  2.034 -1.946  2.143!
C  2.216 -1.461  3.443!
H  2.337 -2.142  4.275!
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C  2.246 -0.086  3.666!
H  2.393  0.289  4.675!
C  2.093  0.809  2.612!
H  2.112  1.874  2.809!
C  2.156 -4.223  2.878!
H  3.129 -4.116  3.370!
H  2.100 -5.200  2.397!
H  1.358 -4.140  3.625!
C  2.163  3.136  0.601!
C  2.029  5.016  1.745!
H  1.515  5.703  2.400!
C  3.248  5.029  1.137!
H  3.992  5.809  1.205!
C  3.338  3.810  0.396!
H  4.168  3.470 -0.205!
P -0.984 -0.923 -0.418!
O -1.417 -3.085  1.222!
O  4.063 -2.078 -0.155!
O -2.468 -0.756 -2.688!
C -1.418 -1.711  1.142!
C -1.788 -1.180  2.349!
H -1.873 -0.129  2.581!
C -2.030 -2.284  3.224!
H -2.339 -2.244  4.258!
C -1.790 -3.408  2.490!
H -1.838 -4.463  2.711!
C  0.549 -1.754 -1.033!
C  1.759 -1.654 -0.319!
C  2.930 -2.208 -0.893!
C  2.887 -2.838 -2.142!
H  3.783 -3.262 -2.578!
C  1.678 -2.924 -2.827!
H  1.645 -3.419 -3.793!
C  0.515 -2.386 -2.286!
H -0.415 -2.465 -2.836!
C  5.278 -2.624 -0.663!
H  5.202 -3.708 -0.807!
H  6.036 -2.413  0.092!
H  5.565 -2.150 -1.608!
C -2.282 -1.501 -1.544!
C -3.455 -1.365 -3.405!
H -3.713 -0.896 -4.342!
C -3.909 -2.471 -2.750!
H -4.689 -3.140 -3.082!
C -3.147 -2.562 -1.543!
H -3.221 -3.319 -0.777!
C -2.343  3.129 -0.087!
H -1.107  3.583 -1.814!
H -0.559  4.337 -0.223!
C -3.104  2.091 -0.653!
H -2.523  3.424  0.944!
C -4.242  1.429 -0.000!
C -5.145  0.699 -0.794!
C -4.489  1.517  1.385!
C -5.605  0.905  1.946!
C -6.262  0.085 -0.230!
C -6.498  0.187  1.142!
H -6.947 -0.472 -0.862!
H -7.367 -0.290  1.585!
H -4.969  0.617 -1.863!
H -3.805  2.059  2.030!
H -5.780  0.984  3.015!
H -3.041  1.954 -1.732!!
                                  1                           2                           3!
                                  A                           A                           A!
 Frequencies --    12.0054                19.3890                28.3761!
 Red. masses --     6.2586                 5.8317                 5.9247!!
 ZERO-POINT CORRECTION= 0.626388 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.681127!
 Thermal correction to Enthalpy=                  0.682182!
 Thermal correction to Gibbs Free Energy=         0.528552!
 Sum of electronic and zero-point Energies=          -2765.974536!
 Sum of electronic and thermal Energies=             -2765.919798!
 Sum of electronic and thermal Enthalpies=           -2765.918743!
 Sum of electronic and thermal Free Energies=        -2766.072373!!
         ITEM                      VALUE     THRESHOLD CONVERGED?!
 MAXIMUM FORCE            0.000020         0.000450             YES!
 RMS     FORCE                 0.000003          0.000300            YES!
________________________________________!!
  !
3.81!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C -2.514  0.202 -0.135!
C -3.417 -0.550  0.509!
H -2.609  1.287 -0.052!
H -4.217 -0.111  1.101!
B  0.132  0.154 -0.278!
C -1.337 -0.268 -0.919!
H -1.373  0.181 -1.925!
H -1.382 -1.358 -1.052!
O  0.366 -0.517  1.043!
O  0.144  1.623 -0.196!
O  1.261 -0.339 -1.136!
H -3.380 -1.638  0.475!
C  1.871 -1.423 -0.486!
C  1.610 -1.172  1.008!
C  1.280  2.219  0.366!
H  2.417 -0.544  1.433!
H  1.585 -2.105  1.595!
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H  2.945 -1.477 -0.725!
H  1.422 -2.390 -0.788!
H  1.174  3.313  0.331!
H  2.205  1.954 -0.173!
H  1.429  1.933  1.420!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --    43.7482                81.9629                93.6789!
 Red. masses --     3.2096                 2.6852                 1.7032!!
 ZERO-POINT CORRECTION= 0.180618 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.194238!
 Thermal correction to Enthalpy=                  0.195293!
 Thermal correction to Gibbs Free Energy=         0.137067!
 Sum of electronic and zero-point Energies=           -486.400757!
 Sum of electronic and thermal Energies=              -486.387136!
 Sum of electronic and thermal Enthalpies=            -486.386081!
 Sum of electronic and thermal Free Energies=         -486.444307!!
         ITEM                   VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000014        0.000450             YES!
 RMS     FORCE                 0.000003        0.000300             YES!
________________________________________!!
  !
TS3.A!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.864  0.245  0.197!
P  0.391 -1.114 -1.446!
O  1.264 -3.656 -2.081!
O  5.248 -0.155  0.102!
O -0.846  0.168 -3.507!
C  0.540 -2.897 -1.189!
C  0.025 -3.711 -0.214!
H -0.567 -3.392  0.631!
C  0.449 -5.041 -0.520!
H  0.230 -5.942  0.034!
C  1.195 -4.947 -1.657!
H  1.716 -5.670 -2.266!
C  2.112 -0.478 -1.714!
C  3.089 -0.608 -0.709!
C  4.350  0.007 -0.906!
C  4.620  0.731 -2.071!
H  5.584  1.200 -2.221!
C  3.635  0.848 -3.051!
H  3.847  1.406 -3.958!
C  2.389  0.254 -2.880!
H  1.638  0.360 -3.653!
C  6.538  0.435 -0.030!
H  7.076  0.036 -0.898!
H  7.079  0.175  0.880!
H  6.471  1.526 -0.114!
C -0.365 -1.058 -3.099!
C -1.430 -0.013 -4.726!
H -1.850  0.872 -5.180!
C -1.346 -1.318 -5.106!
H -1.726 -1.748 -6.021!
C -0.654 -1.998 -4.053!
H -0.395 -3.044 -4.012!
P  1.084  0.522  1.569!
O  3.388  2.020  1.825!
O  4.286 -3.017 -0.494!
O -0.343  0.202  3.872!
C  2.193  1.885  1.153!
C  2.058  2.906  0.250!
H  1.218  3.057 -0.412!
C  3.230  3.715  0.367!
H  3.469  4.607 -0.194!
C  3.998  3.133  1.332!
H  4.956  3.375  1.766!
C  2.126 -1.009  1.636!
C  2.895 -1.426  0.532!
C  3.569 -2.670  0.608!
C  3.479 -3.468  1.753!
H  3.998 -4.417  1.809!
C  2.708 -3.036  2.830!
H  2.637 -3.656  3.720!
C  2.031 -1.822  2.778!
H  1.435 -1.511  3.627!
C  4.983 -4.260 -0.493!
H  5.739 -4.296  0.299!
H  5.475 -4.324 -1.464!
H  4.294 -5.104 -0.379!
C  0.721  0.877  3.316!
C -0.465  0.631  5.159!
H -1.264  0.183  5.729!
C  0.484  1.566  5.442!
H  0.621  2.080  6.382!
C  1.256  1.725  4.248!
H  2.106  2.374  4.101!
C -1.936  1.724  1.308!
C -2.071  2.851  0.385!
C -1.369  4.010  0.461!
H -2.788  2.728 -0.426!
C -1.440  5.154 -0.449!
C -0.697  6.313 -0.144!
C -2.216  5.168 -1.629!
C -2.247  6.289 -2.453!
C -0.727  7.435 -0.971!
C -1.504  7.431 -2.132!
H -0.144  8.314 -0.709!
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H -1.531  8.302 -2.779!
H -0.090  6.327  0.758!
H -2.798  4.294 -1.905!
H -2.853  6.272 -3.355!
H -0.673  4.127  1.292!
H -2.872  1.219  1.548!
H -1.392  1.976  2.218!
C -3.098 -1.355  0.111!
C -2.834 -0.231 -0.713!
H -2.610 -2.286 -0.180!
H -3.489  0.627 -0.580!
B -5.652 -2.158  0.478!
C -3.988 -1.432  1.192!
H -4.347 -0.492  1.610!
H -3.783 -2.197  1.942!
O -6.521 -2.120  1.634!
O -5.359 -3.439 -0.065!
O -6.139 -1.205 -0.484!
H -2.582 -0.430 -1.752!
C -7.347 -0.645  0.027!
C -7.283 -0.921  1.537!
C -5.037 -4.508  0.801!
H -8.218 -1.141 -0.427!
H -7.400  0.425 -0.205!
H -8.270 -1.066  1.990!
H -6.776 -0.099  2.067!
H -4.066 -4.359  1.298!
H -4.970 -5.425  0.205!
H -5.800 -4.653  1.577!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -204.1962                 8.9821                12.0045!
 Red. masses --     7.8750                  6.3836                 6.1373!!
 ZERO-POINT CORRECTION= 0.808419 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.878320!
 Thermal correction to Enthalpy=                  0.879375!
 Thermal correction to Gibbs Free Energy=         0.688344!
 Sum of electronic and zero-point Energies=          -3252.377796!
 Sum of electronic and thermal Energies=             -3252.307895!
 Sum of electronic and thermal Enthalpies=           -3252.306840!
 Sum of electronic and thermal Free Energies=        -3252.497871!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000003        0.000450            YES!
 RMS     FORCE                  0.000001        0.000300            YES!
________________________________________!!!!!!!!
  !
TS3.B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.206 -1.227  0.078!
P -0.854  0.408  1.605!
O -3.208  1.816  1.961!
O  0.791  4.898 -0.423!
O  0.163 -0.728  3.880!
C -2.584  0.796  1.274!
C -3.480  0.177  0.444!
H -3.270 -0.663 -0.205!
C -4.729  0.850  0.625!
H -5.665  0.630  0.134!
C -4.505  1.830  1.547!
H -5.133  2.583  1.998!
C  0.049  2.026  1.684!
C  0.039  2.917  0.594!
C  0.846  4.080  0.662!
C  1.640  4.339  1.784!
H  2.255  5.228  1.834!
C  1.637  3.439  2.848!
H  2.252  3.640  3.720!
C  0.855  2.289  2.804!
H  0.875  1.602  3.640!
C  1.575  6.086 -0.423!
H  1.291  6.757  0.397!
H  1.372  6.576 -1.376!
H  2.645  5.861 -0.353!
C -0.950 -0.111  3.349!
C -0.140 -1.073  5.164!
H  0.646 -1.566  5.716!
C -1.414 -0.703  5.469!
H -1.920 -0.854  6.411!
C -1.941 -0.078  4.294!
H -2.924  0.351  4.168!
P  0.763  0.525 -1.475!
O  2.615  2.544 -1.832!
O -2.140  4.481  0.265!
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O  0.243 -0.927 -3.737!
C  2.293  1.416 -1.110!
C  3.301  1.136 -0.226!
H  3.324  0.302  0.460!
C  4.297  2.144 -0.406!
H  5.233  2.242  0.125!
C  3.829  2.968 -1.386!
H  4.220  3.856 -1.860!
C -0.569  1.805 -1.636!
C -0.828  2.739 -0.615!
C -1.944  3.603 -0.755!
C -2.772  3.531 -1.878!
H -3.623  4.192 -1.983!
C -2.498  2.594 -2.873!
H -3.141  2.537 -3.746!
C -1.412  1.734 -2.758!
H -1.223  1.010 -3.540!
C -3.242  5.378  0.192!
H -3.167  6.039 -0.679!
H -3.199  5.977  1.103!
H -4.196  4.839  0.158!
C  1.084  0.019 -3.196!
C  0.690 -1.194 -4.996!
H  0.120 -1.923 -5.551!
C  1.798 -0.453 -5.275!
H  2.365 -0.464 -6.195!
C  2.055  0.335 -4.109!
H  2.851  1.050 -3.968!
C  1.347 -2.649 -1.046!
C  2.557 -2.890 -0.257!
C  3.795 -2.423 -0.557!
H  2.432 -3.487  0.645!
C  5.023 -2.614  0.217!
C  6.246 -2.156 -0.317!
C  5.060 -3.235  1.485!
C  6.260 -3.395  2.172!
C  7.447 -2.316  0.373!
C  7.463 -2.938  1.623!
H  8.373 -1.953 -0.068!
H  8.397 -3.064  2.164!
H  6.245 -1.672 -1.291!
H  4.141 -3.591  1.939!
H  6.258 -3.877  3.147!
H  3.913 -1.847 -1.474!
H  0.677 -3.507 -1.110!
H  1.555 -2.252 -2.038!
C -1.727 -3.169  1.384!
C -0.318 -2.961  1.353!
H -2.309 -2.464  1.981!
H  0.090 -2.532  2.269!
B -3.517 -3.466 -0.775!
C -2.449 -4.170  0.733!
H -3.359 -4.491  1.235!
H -1.876 -4.978  0.279!
O -3.918 -4.674 -1.441!
O -2.623 -2.599 -1.453!
O -4.686 -2.860 -0.198!
H  0.250 -3.815  0.992!
C -5.682 -3.867 -0.116!
C -5.311 -4.866 -1.232!
C -3.031 -2.210 -2.758!
H -6.677 -3.427 -0.248!
H -5.661 -4.357  0.872!
H -5.861 -4.648 -2.161!
H -5.524 -5.905 -0.953!
H -3.949 -1.604 -2.730!
H -3.221 -3.083 -3.396!
H -2.232 -1.613 -3.203!
 !
                                  1                            2                            3!
                                  A                            A                            A!
 Frequencies --  -303.4273                11.7917                14.8387!
 Red. masses --     8.1807                  6.2800                   5.6666!!
 ZERO-POINT CORRECTION= 0.809099 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.878623!
 Thermal correction to Enthalpy=                  0.879678!
 Thermal correction to Gibbs Free Energy=         0.692415!
 Sum of electronic and zero-point Energies=          -3252.372185!
 Sum of electronic and thermal Energies=             -3252.302661!
 Sum of electronic and thermal Enthalpies=           -3252.301606!
 Sum of electronic and thermal Free Energies=        -3252.488870!!
         ITEM                    VALUE     THRESHOLD   CONVERGED?!
 MAXIMUM FORCE            0.000004      0.000450              YES!
 RMS     FORCE                 0.000001      0.000300               YES!
________________________________________!!!
  !
TS3.C!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.071  0.709 -0.190!
P  0.383 -1.553 -0.834!
O  0.629 -4.141  0.102!
O  5.538 -1.304 -0.247!
O -1.109 -1.244 -3.090!
C  0.187 -2.869  0.387!
C -0.406 -2.858  1.622!
H -0.837 -1.996  2.109!
C -0.326 -4.192  2.129!
H -0.690 -4.555  3.079!
C  0.309 -4.923  1.170!
H  0.595 -5.961  1.094!
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C  2.124 -1.645 -1.457!
C  3.220 -1.502 -0.584!
C  4.520 -1.422 -1.141!
C  4.714 -1.464 -2.526!
H  5.709 -1.396 -2.948!
C  3.612 -1.597 -3.370!
H  3.762 -1.634 -4.444!
C  2.326 -1.687 -2.847!
H  1.483 -1.790 -3.519!
C  6.873 -1.224 -0.736!
H  7.147 -2.120 -1.305!
H  7.509 -1.150  0.147!
H  7.018 -0.336 -1.362!
C -0.625 -2.186 -2.208!
C -1.866 -1.903 -4.010!
H -2.316 -1.290 -4.776!
C -1.887 -3.239 -3.742!
H -2.412 -3.999 -4.302!
C -1.081 -3.425 -2.576!
H -0.861 -4.354 -2.072!
P  2.027  1.127  0.868!
O  4.640  1.831  0.335!
O  3.874 -3.724  0.798!
O  0.777  2.423  2.909!
C  3.357  1.782 -0.163!
C  3.334  2.316 -1.424!
H  2.462  2.420 -2.052!
C  4.674  2.714 -1.725!
H  5.033  3.173 -2.635!
C  5.419  2.395 -0.628!
H  6.465  2.500 -0.385!
C  2.707 -0.392  1.679!
C  3.107 -1.506  0.913!
C  3.492 -2.688  1.593!
C  3.468 -2.756  2.990!
H  3.761 -3.662  3.505!
C  3.063 -1.643  3.724!
H  3.048 -1.694  4.809!
C  2.684 -0.469  3.081!
H  2.375  0.385  3.671!
C  4.267 -4.948  1.412!
H  5.141 -4.812  2.059!
H  4.527 -5.620  0.593!
H  3.448 -5.385  1.994!
C  1.958  2.359  2.202!
C  0.908  3.425  3.824!
H  0.056  3.592  4.465!
C  2.135  4.009  3.719!
H  2.509  4.830  4.314!
C  2.818  3.318  2.669!
C -2.740  0.746 -0.141!
C -1.961  1.725 -0.799!
C -1.137  2.647 -0.096!
H -2.055  1.797 -1.878!
C -0.464  3.801 -0.723!
C -0.014  4.856  0.093!
C -0.252  3.904 -2.113!
C  0.379  5.019 -2.659!
C  0.620  5.971 -0.455!
C  0.820  6.059 -1.834!
H  0.956  6.772  0.197!
H  1.312  6.927 -2.263!
H -0.167  4.798  1.167!
H -0.574  3.104 -2.773!
H  0.529  5.077 -3.734!
H -1.311  2.749  0.974!
H -3.120 -0.100 -0.698!
H -2.665  0.627  0.932!
C -5.464  0.612  0.651!
C -4.846  1.616 -0.055!
H -5.458  0.695  1.739!
H -4.550  2.537  0.437!
B -7.854 -0.351  0.261!
C -6.142 -0.544  0.107!
H -5.938 -1.452  0.686!
H -5.928 -0.705 -0.954!
O -8.516 -1.606 -0.142!
O -8.197  0.764 -0.598!
O -8.196 -0.172  1.693!
H -4.942  1.656 -1.136!
C -9.060 -1.217  2.088!
C -8.843 -2.314  1.032!
C -9.561  1.100 -0.666!
H-10.114 -0.886  2.087!
H -8.826 -1.560  3.107!
H -9.733 -2.940  0.875!
H -8.019 -2.984  1.341!
H-10.175  0.284 -1.078!
H -9.682  1.977 -1.316!
H -9.975  1.354  0.323!
H  3.819  3.501  2.308!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -334.3002                 6.7634                10.9959!
 Red. masses --     9.7879                  6.6342                 6.1716!!
 ZERO-POINT CORRECTION= 0.807659 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.877709!
 Thermal correction to Enthalpy=                  0.878764!
 Thermal correction to Gibbs Free Energy=         0.686110!
 Sum of electronic and zero-point Energies=          -3252.360635!
 Sum of electronic and thermal Energies=             -3252.290585!
 Sum of electronic and thermal Enthalpies=           -3252.289530!
 Sum of electronic and thermal Free Energies=        -3252.482184!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE             0.000003        0.000450              YES!
 RMS     FORCE                  0.000001        0.000300              YES!
________________________________________!!
 533
  !
TS3.D!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.241 -0.060 -0.045!
P  1.056 -2.044 -0.098!
O  2.732 -3.672  1.397!
O  5.382  0.458 -1.528!
O -0.643 -3.404 -1.753!
C  1.777 -2.680  1.432!
C  1.479 -2.382  2.736!
H  0.768 -1.639  3.066!
C  2.293 -3.229  3.550!
H  2.327 -3.267  4.629!
C  3.031 -3.984  2.688!
H  3.776 -4.754  2.825!
C  2.438 -1.665 -1.272!
C  3.484 -0.788 -0.922!
C  4.391 -0.382 -1.933!
C  4.252 -0.832 -3.250!
H  4.945 -0.516 -4.019!
C  3.210 -1.701 -3.570!
H  3.105 -2.056 -4.591!
C  2.308 -2.116 -2.597!
H  1.499 -2.781 -2.871!
C  6.315  0.930 -2.495!
H  6.877  0.106 -2.950!
H  7.004  1.578 -1.952!
H  5.817  1.510 -3.281!
C  0.303 -3.563 -0.763!
C -1.111 -4.644 -2.071!
H -1.864 -4.678 -2.843!
C -0.499 -5.593 -1.310!
H -0.676 -6.659 -1.345!
C  0.420 -4.895 -0.464!
H  1.088 -5.325  0.267!
P  1.571  1.495  0.350!
O  3.291  3.246 -0.936!
O  5.454 -1.958  0.482!
O  0.305  2.486  2.538!
C  2.193  2.424 -1.072!
C  1.748  2.472 -2.366!
H  0.906  1.923 -2.763!
C  2.612  3.370 -3.069!
H  2.560  3.650 -4.111!
C  3.524  3.806 -2.155!
H  4.362  4.485 -2.208!
C  3.081  0.729  1.121!
C  3.763 -0.325  0.479!
C  4.835 -0.954  1.160!
C  5.208 -0.548  2.446!
H  6.026 -1.032  2.964!
C  4.518  0.494  3.061!
H  4.810  0.814  4.057!
C  3.465  1.128  2.411!
H  2.946  1.939  2.908!
C  6.536 -2.639  1.109!
H  7.365 -1.958  1.333!
H  6.870 -3.390  0.392!
H  6.216 -3.137  2.032!
C  1.160  2.832  1.514!
C  0.143  3.590  3.319!
H -0.505  3.471  4.174!
C  0.860  4.636  2.821!
H  0.913  5.634  3.232!
C  1.523  4.145  1.652!
H  2.193  4.687  1.002!
C -2.227 -0.819 -0.345!
C -2.348  0.536 -0.728!
C -2.745  1.581  0.159!
H -2.285  0.770 -1.788!
C -2.598  3.015 -0.160!
C -2.534  3.944  0.895!
C -2.542  3.500 -1.480!
C -2.415  4.864 -1.731!
C -2.405  5.308  0.643!
C -2.345  5.775 -0.673!
H -2.349  6.006  1.473!
H -2.248  6.838 -0.872!
H -2.580  3.587  1.920!
H -2.610  2.812 -2.317!
H -2.375  5.219 -2.757!
H -2.732  1.346  1.217!
H -2.229 -1.592 -1.105!
H -2.575 -1.130  0.638!
C -5.356  0.404  0.700!
C -5.014  1.605  0.107!
H -5.478  0.403  1.784!
H -5.108  2.530  0.665!
B -7.358 -1.071 -0.096!
C -5.592 -0.837  0.033!
H -5.295 -1.717  0.608!
H -5.236 -0.873 -0.999!
O -7.928 -1.090  1.259!
O -7.579 -2.408 -0.647!
O -7.799 -0.006 -0.958!
H -5.048  1.696 -0.975!
C -9.178  0.022 -1.249!
C -7.862 -3.274  0.432!
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C -8.502 -2.362  1.493!
H -9.598 -2.327  1.365!
H -8.300 -2.702  2.518!
H -6.938 -3.736  0.824!
H -8.525 -4.088  0.109!
H -9.387  0.888 -1.890!
H -9.789  0.118 -0.338!
H -9.512 -0.883 -1.778!!
                                  1                             2                          3!
                                  A                             A                          A!
 Frequencies --  -342.5207                 8.2593                14.1704!
 Red. masses --     9.5609                  6.2948                 6.1750!!
 ZERO-POINT CORRECTION= 0.807630 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.877624!
 Thermal correction to Enthalpy=                  0.878679!
 Thermal correction to Gibbs Free Energy=         0.687747!
 Sum of electronic and zero-point Energies=          -3252.355374!
 Sum of electronic and thermal Energies=             -3252.285380!
 Sum of electronic and thermal Enthalpies=           -3252.284325!
 Sum of electronic and thermal Free Energies=        -3252.475258!!
         ITEM                   VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE             0.000005       0.000450             YES!
 RMS     FORCE                   0.000001      0.000300             YES!
________________________________________!!
  !
TS3.E!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C  2.234 -0.699 -0.658!
P -0.966 -1.969  0.024!
O -2.516 -3.838 -1.306!
O -5.473  0.176  1.469!
O  0.968 -2.998  1.648!
C -1.661 -2.766 -1.441!
C -1.447 -2.518 -2.771!
H -0.824 -1.732 -3.173!
C -2.208 -3.486 -3.498!
H -2.281 -3.591 -4.571!
C -2.834 -4.254 -2.563!
H -3.505 -5.098 -2.623!
C -2.363 -1.697  1.210!
C -3.467 -0.892  0.866!
C -4.424 -0.594  1.868!
C -4.274 -1.074  3.173!
H -5.005 -0.841  3.937!
C -3.169 -1.862  3.491!
H -3.053 -2.237  4.504!
C -2.219 -2.173  2.524!
H -1.366 -2.784  2.794!
C -6.478  0.508  2.422!
H -6.967 -0.388  2.820!
H -7.211  1.110  1.884!
H -6.066  1.096  3.250!
C -0.024 -3.343  0.755!
C  1.574 -4.151  2.044!
H  2.380 -4.039  2.754!
C  1.007 -5.225  1.428!
H  1.291 -6.261  1.549!
C -0.032 -4.704  0.594!
H -0.705 -5.262 -0.039!
P -1.645  1.534 -0.292!
O -3.408  2.840  1.398!
O -5.336 -2.116 -0.638!
O -0.590  3.057 -2.282!
C -2.228  2.135  1.310!
C -1.657  2.048  2.551!
H -0.729  1.546  2.785!
C -2.527  2.732  3.456!
H -2.397  2.863  4.521!
C -3.569  3.188  2.704!
H -4.460  3.752  2.935!
C -3.106  0.724 -1.103!
C -3.742 -0.392 -0.522!
C -4.755 -1.054 -1.260!
C -5.113 -0.623 -2.541!
H -5.886 -1.133 -3.103!
C -4.464  0.477 -3.098!
H -4.742  0.815 -4.092!
C -3.470  1.147 -2.392!
H -2.981  2.001 -2.845!
C -6.354 -2.837 -1.324!
H -7.216 -2.199 -1.553!
H -6.665 -3.632 -0.645!
H -5.974 -3.281 -2.252!
C -1.462  3.092 -1.216!
C -0.593  4.295 -2.847!
H  0.049  4.423 -3.705!
C -1.436  5.127 -2.172!
H -1.630  6.166 -2.395!
C -2.002  4.347 -1.115!
H -2.724  4.667 -0.379!
C  2.366  0.708 -0.773!
C  2.666  1.540  0.347!
H  2.383  1.152 -1.765!
C  2.504  3.004  0.365!
C  2.325  3.651  1.603!
C  2.542  3.791 -0.801!
C  2.398  5.174 -0.728!
C  2.177  5.034  1.675!
C  2.214  5.802  0.508!
H  2.035  5.512  2.639!
H  2.104  6.881  0.561!
H  2.304  3.057  2.513!
H  2.694  3.322 -1.768!
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H  2.431  5.766 -1.637!
H  2.594  1.067  1.321!
H  2.539 -1.197  0.257!
H  2.280 -1.311 -1.554!
Pd  0.241  0.033 -0.348!
C  5.282  0.312  0.828!
C  4.954  1.603  0.466!
B  7.352 -0.970 -0.151!
C  5.585 -0.770 -0.057!
O  7.586 -2.112 -1.046!
O  7.883 -1.366  1.157!
O  7.839  0.296 -0.633!
C  9.203  0.343 -0.981!
C  8.009 -2.772  1.157!
C  8.243 -3.133 -0.321!
H  9.322 -3.142 -0.551!
H  7.842 -4.124 -0.581!
H  7.088 -3.256  1.530!
H  8.834 -3.087  1.810!
H  9.441  1.350 -1.347!
H  9.453 -0.377 -1.775!
H  9.859  0.130 -0.122!
H  4.982  2.398  1.203!
H  5.049  1.910 -0.571!
H  5.335  0.097  1.897!
H  5.267 -1.748  0.314!
H  5.275 -0.605 -1.092!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -322.4118                 7.5894                13.2829!
 Red. masses --     9.4276                  6.2624                 6.2143!!
 ZERO-POINT CORRECTION= 0.807768 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.877575!
 Thermal correction to Enthalpy=                  0.878630!
 Thermal correction to Gibbs Free Energy=         0.688195!
 Sum of electronic and zero-point Energies=          -3252.356921!
 Sum of electronic and thermal Energies=             -3252.287114!
 Sum of electronic and thermal Enthalpies=           -3252.286058!
 Sum of electronic and thermal Free Energies=        -3252.476494!!
         ITEM                             VALUE     THRESHOLD  
CONVERGED?!
 MAXIMUM FORCE            0.000003        0.000450               YES!
 RMS     FORCE                 0.000000         0.000300              YES!
________________________________________!!!!
  !
GS3.B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.861  1.001  0.971!
C  2.656  0.532  2.054!
P  0.120 -1.336  0.909!
O  0.093 -3.516 -0.807!
O -4.799 -0.750 -0.685!
O  0.834 -1.986  3.472!
C  0.573 -2.243 -0.588!
C  1.413 -1.891 -1.612!
H  1.928 -0.947 -1.707!
C  1.454 -3.001 -2.512!
H  2.011 -3.077 -3.434!
C  0.636 -3.951 -1.976!
H  0.350 -4.945 -2.286!
C -1.719 -1.494  1.105!
C -2.607 -1.123  0.076!
C -3.998 -1.122  0.349!
C -4.485 -1.482  1.609!
H -5.548 -1.482  1.814!
C -3.586 -1.842  2.613!
H -3.962 -2.121  3.592!
C -2.217 -1.845  2.372!
H -1.539 -2.115  3.171!
C -6.208 -0.724 -0.484!
H -6.598 -1.717 -0.228!
H -6.638 -0.403 -1.434!
H -6.489 -0.011  0.299!
C  0.785 -2.463  2.180!
C  1.407 -2.955  4.241!
H  1.507 -2.723  5.290!
C  1.736 -4.034  3.479!
H  2.206 -4.945  3.822!
C  1.333 -3.718  2.143!
H  1.425 -4.345  1.269!
P -1.055  1.674 -0.399!
O -3.719  2.382 -0.110!
O -3.013 -2.898 -1.916!
O  0.379  3.344 -2.013!
C -2.541  2.092  0.544!
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C -2.727  2.222  1.895!
H -1.978  2.048  2.653!
C -4.090  2.609  2.089!
H -4.591  2.798  3.027!
C -4.640  2.688  0.844!
H -5.625  2.940  0.482!
C -1.586  0.442 -1.681!
C -2.176 -0.784 -1.318!
C -2.440 -1.737 -2.334!
C -2.120 -1.473 -3.669!
H -2.323 -2.202 -4.443!
C -1.530 -0.255 -4.003!
H -1.281 -0.047 -5.040!
C -1.260  0.695 -3.024!
H -0.794  1.630 -3.308!
C -3.311 -3.899 -2.883!
H -4.024 -3.536 -3.633!
H -3.760 -4.724 -2.329!
H -2.404 -4.253 -3.388!
C -0.826  3.204 -1.360!
C  0.371  4.564 -2.621!
H  1.259  4.815 -3.182!
C -0.799  5.214 -2.370!
H -1.077  6.197 -2.721!
C -1.578  4.333 -1.554!
H -2.571  4.508 -1.169!
C  1.518  3.029  1.222!
C  1.086  3.529  2.540!
H  1.049  3.581  0.406!
H  2.604  3.041  1.095!
C  1.868  3.811  3.599!
H  0.010  3.682  2.654!
C  3.617  0.010  1.081!
H  2.325 -0.216  2.776!
H  2.990  1.434  2.564!
C  4.696  0.670  0.589!
H  3.423 -1.001  0.722!
C  5.648  0.184 -0.412!
H  4.904  1.668  0.977!
C  6.781  0.967 -0.719!
C  5.503 -1.041 -1.102!
C  6.448 -1.458 -2.036!
C  7.725  0.550 -1.656!
C  7.568 -0.669 -2.321!
H  8.587  1.178 -1.866!
H  8.301 -0.997 -3.051!
H  6.916  1.917 -0.207!
H  4.639 -1.670 -0.910!
H  6.309 -2.406 -2.549!
H  1.450  4.159  4.540!
H  2.950  3.711  3.553!!!!!!!
                                   1                          2                          3!
                                   A                          A                          A!
 Frequencies --     9.6142                11.5893                17.2865!
 Red. masses --     6.3842                 6.1238                 5.8262!!
 ZERO-POINT CORRECTION= 0.695331 (HARTREE/PARTICLE)!
 !
Thermal correction to Energy=                    0.755747!
 Thermal correction to Enthalpy=                  0.756803!
 Thermal correction to Gibbs Free Energy=         0.588320!
 Sum of electronic and zero-point Energies=          -2883.324160!
 Sum of electronic and thermal Energies=             -2883.263743!
 Sum of electronic and thermal Enthalpies=           -2883.262688!
 Sum of electronic and thermal Free Energies=        -2883.431170!!
         ITEM                    VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000015        0.000450             YES!
 RMS     FORCE                 0.000002        0.000300              YES!
________________________________________!!
  !
MeOB(glycolato)!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
B -0.261 -0.278 -0.008!
O  0.175  1.029  0.063!
O -1.559 -0.665 -0.025!
O  0.757 -1.205 -0.067!
C  1.991 -0.485  0.092!
C  1.606  1.003 -0.083!
C -2.606  0.307  0.018!
H  2.713 -0.825 -0.655!
H  2.397 -0.690  1.089!
H  1.869  1.383 -1.077!
H  2.063  1.650  0.670!
H -2.893  0.507  1.055!
H -3.467 -0.104 -0.514!
H -2.303  1.246 -0.454!!
                                  1                          2                             3!
                                  A                           A                            A!
 Frequencies --    51.6488               105.4232               120.9307!
 Red. masses --     1.0428                 2.2443                   2.9668!!
 ZERO-POINT CORRECTION= 0.113305 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.122014!
 Thermal correction to Enthalpy=                  0.123069!
 Thermal correction to Gibbs Free Energy=         0.076079!
 Sum of electronic and zero-point Energies=           -369.081808!
 Sum of electronic and thermal Energies=              -369.073099!
 Sum of electronic and thermal Enthalpies=            -369.072044!
 Sum of electronic and thermal Free Energies=         -369.119034!!
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         ITEM                   VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000008         0.000450            YES!
 RMS     FORCE                  0.000002         0.000300            YES!
________________________________________!!
Structures and Energies for TM with 
Fluoride!!
  !
F-3.81!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C  2.400  0.155  0.002!
C  3.247 -0.879  0.075!
H  2.580  0.903 -0.774!
H  4.086 -0.986 -0.608!
B -0.217  0.432 -0.044!
C  1.179  0.392  0.826!
H  1.264  1.376  1.316!
H  1.109 -0.357  1.627!
O -0.529 -0.876 -0.659!
F -0.093  1.455 -1.054!
O -1.390  0.747  0.813!
H  3.123 -1.666  0.818!
C -2.332 -0.292  0.688!
C -1.928 -1.033 -0.598!
H -2.431 -0.577 -1.472!
H -2.203 -2.098 -0.583!
H -3.360  0.101  0.641!
H -2.288 -0.981  1.554!!
                                 1                           2                            3!
                                 A                           A                            A!
 Frequencies --    56.8402                91.8408               103.6136!
 Red. masses --     3.5729                 3.3961                 2.5785!!
 ZERO-POINT CORRECTION= 0.141412 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.152569!
 Thermal correction to Enthalpy=                  0.153624!
 Thermal correction to Gibbs Free Energy=         0.101269!
 Sum of electronic and zero-point Energies=           -471.177542!
 Sum of electronic and thermal Energies=              -471.166385!
 Sum of electronic and thermal Enthalpies=            -471.165330!
 Sum of electronic and thermal Free Energies=         -471.217685!!
           ITEM                 VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000050         0.000450            YES!
 RMS     FORCE                  0.000007         0.000300           YES!
_______________________________________!!
  !
F-TS3.A!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.966  0.092  0.300!
P  0.332 -1.279 -1.287!
O  1.521 -3.750 -1.627!
O  5.141  0.396 -0.268!
O -1.195 -0.485 -3.404!
C  0.729 -2.976 -0.808!
C  0.354 -3.708  0.288!
H -0.256 -3.356  1.106!
C  0.943 -5.002  0.140!
H  0.860 -5.840  0.816!
C  1.636 -4.969 -1.033!
H  2.232 -5.696 -1.565!
C  1.936 -0.476 -1.755!
C  2.999 -0.390 -0.837!
C  4.152  0.350 -1.201!
C  4.234  0.983 -2.445!
H  5.115  1.547 -2.723!
C  3.166  0.888 -3.335!
H  3.230  1.379 -4.302!
C  2.023  0.170 -3.000!
H  1.203  0.115 -3.705!
C  6.332  1.115 -0.571!
H  6.843  0.698 -1.447!
H  6.974  1.010  0.304!
H  6.125  2.178 -0.743!
C -0.500 -1.555 -2.882!
C -1.779 -0.908 -4.560!
H -2.361 -0.169 -5.090!
C -1.487 -2.218 -4.790!
H -1.821 -2.814 -5.627!
C -0.657 -2.639 -3.704!
H -0.223 -3.616 -3.555!
P  1.043  0.729  1.483!
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O  3.159  2.504  1.414!
O  4.519 -2.597 -0.495!
O -0.151  0.480  3.923!
C  1.947  2.162  0.855!
C  1.620  3.069 -0.117!
H  0.723  3.053 -0.719!
C  2.684  4.022 -0.165!
H  2.766  4.880 -0.816!
C  3.585  3.631  0.781!
H  4.532  4.027  1.114!
C  2.271 -0.656  1.607!
C  3.006 -1.091  0.487!
C  3.839 -2.229  0.624!
C  3.930 -2.911  1.841!
H  4.568 -3.780  1.943!
C  3.185 -2.467  2.932!
H  3.254 -2.997  3.878!
C  2.359 -1.354  2.823!
H  1.786 -1.033  3.683!
C  5.387 -3.725 -0.427!
H  6.187 -3.573  0.307!
H  5.824 -3.824 -1.421!
H  4.836 -4.640 -0.181!
C  0.772  1.217  3.215!
C -0.239  1.030  5.166!
H -0.929  0.551  5.844!
C  0.593  2.103  5.273!
H  0.725  2.732  6.142!
C  1.252  2.225  4.008!
H  1.992  2.958  3.725!
C -2.146  1.499  1.396!
C -2.458  2.554  0.431!
C -1.873  3.778  0.394!
H -3.214  2.314 -0.316!
C -2.124  4.855 -0.565!
C -1.471  6.092 -0.387!
C -2.992  4.731 -1.673!
C -3.196  5.794 -2.548!
C -1.675  7.156 -1.265!
C -2.541  7.015 -2.351!
H -1.157  8.097 -1.099!
H -2.702  7.842 -3.037!
H -0.796  6.213  0.457!
H -3.508  3.793 -1.853!
H -3.869  5.670 -3.392!
H -1.133  4.009  1.160!
H -3.009  0.917  1.720!
H -1.582  1.859  2.256!
C -3.016 -1.804  0.432!
C -2.896 -0.662 -0.424!
H -2.423 -2.676  0.155!
H -3.657  0.102 -0.282!
B -5.425 -2.950  0.645!
C -3.865 -1.959  1.516!
H -4.382 -1.085  1.909!
H -3.646 -2.738  2.242!
O -6.304 -3.120  1.742!
F -4.803 -4.085  0.189!
O -5.987 -2.067 -0.309!
H -2.703 -0.875 -1.473!
C -7.276 -1.683  0.169!
C -7.267 -2.073  1.661!
H -8.055 -2.231 -0.381!
H -7.440 -0.611  0.013!
H -8.239 -2.431  2.016!
H -6.963 -1.225  2.292!!
                                  1                          2                            3!
                                  A                          A                            A!
 Frequencies --  -246.1626                6.6284                10.8363!
 Red. masses --     8.7941                 6.5061                 6.3592!!
 ZERO-POINT CORRECTION= 0.769045 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.836570!
 Thermal correction to Enthalpy=                  0.837625!
 Thermal correction to Gibbs Free Energy=         0.650627!
 Sum of electronic and zero-point Energies=          -3237.152036!
 Sum of electronic and thermal Energies=             -3237.084511!
 Sum of electronic and thermal Enthalpies=           -3237.083456!
 Sum of electronic and thermal Free Energies=        -3237.270453!!
         ITEM                      VALUE     THRESHOLD CONVERGED?!
 MAXIMUM FORCE            0.000002     0.000450                YES!
 RMS     FORCE                  0.000000     0.000300                YES!
________________________________________!!
  !
F-TS3.B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.529  1.166  0.123!
P  0.956 -0.118  1.648!
O  3.565 -0.769  2.250!
O  1.041 -4.733 -0.734!
O -0.589  0.445  3.838!
C  2.749  0.071  1.521!
C  3.516  0.965  0.821!
H  3.159  1.751  0.166!
C  4.879  0.660  1.133!
H  5.762  1.159  0.760!
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C  4.847 -0.395  1.996!
H  5.612 -0.967  2.499!
C  0.639 -1.944  1.570!
C  1.016 -2.697  0.441!
C  0.647 -4.063  0.383!
C -0.078 -4.656  1.421!
H -0.357 -5.702  1.376!
C -0.446 -3.890  2.525!
H -1.009 -4.350  3.332!
C -0.098 -2.545  2.604!
H -0.402 -1.969  3.469!
C  0.706 -6.111 -0.858!
H  1.153 -6.708 -0.055!
H  1.115 -6.432 -1.816!
H -0.380 -6.260 -0.860!
C  0.712  0.281  3.410!
C -0.541  0.790  5.157!
H -1.496  0.947  5.635!
C  0.749  0.860  5.584!
H  1.085  1.114  6.579!
C  1.563  0.529  4.454!
H  2.641  0.470  4.422!
P -0.364 -0.546 -1.553!
O -1.397 -3.041 -2.152!
O  3.616 -3.408  0.204!
O -0.240  1.156 -3.692!
C -1.512 -1.927 -1.350!
C -2.596 -2.066 -0.525!
H -2.933 -1.341  0.201!
C -3.183 -3.334 -0.829!
H -4.055 -3.779 -0.372!
C -2.416 -3.879 -1.816!
H -2.461 -4.807 -2.365!
C  1.339 -1.269 -1.663!
C  1.841 -2.144 -0.681!
C  3.193 -2.562 -0.773!
C  4.014 -2.112 -1.811!
H  5.046 -2.433 -1.880!
C  3.498 -1.235 -2.763!
H  4.137 -0.880 -3.566!
C  2.176 -0.810 -2.695!
H  1.802 -0.119 -3.439!
C  4.959 -3.878  0.167!
H  5.163 -4.443 -0.751!
H  5.067 -4.539  1.027!
H  5.675 -3.052  0.252!
C -0.737 -0.055 -3.267!
C -0.674  1.346 -4.969!
H -0.355  2.263 -5.440!
C -1.441  0.295 -5.373!
H -1.920  0.180 -6.334!
C -1.483 -0.615 -4.270!
H -1.991 -1.567 -4.229!
C -2.077  2.163 -0.967!
C -3.305  1.956 -0.201!
C -4.317  1.121 -0.549!
H -3.396  2.521  0.726!
C -5.549  0.865  0.199!
C -6.547  0.055 -0.382!
C -5.805  1.385  1.488!
C -6.999  1.114  2.149!
C -7.743 -0.218  0.281!
C -7.979  0.312  1.552!
H -8.492 -0.844 -0.196!
H -8.909  0.102  2.073!
H -6.375 -0.361 -1.372!
H -5.059  2.003  1.979!
H -7.168  1.528  3.139!
H -4.228  0.578 -1.490!
H -1.710  3.188 -0.985!
H -2.127  1.757 -1.977!
C  0.631  3.527  1.496!
C -0.652  2.897  1.488!
H  1.435  2.969  1.980!
H -0.880  2.328  2.389!
B  1.673  4.491 -0.966!
C  0.982  4.747  0.933!
H  1.896  5.211  1.294!
H  0.183  5.440  0.672!
O  1.972  5.828 -1.327!
F  0.593  3.906 -1.572!
O  2.862  3.722 -0.896!
H -1.470  3.547  1.183!
C  3.944  4.648 -0.816!
C  3.389  5.936 -1.459!
H  4.816  4.249 -1.343!
H  4.224  4.815  0.234!
H  3.655  5.999 -2.523!
H  3.754  6.843 -0.963!!
                                1                      2                      3!
                                A                      A                      A!
 Frequencies --  -345.7525        10.0517           13.7463!
 Red. masses --     9.7489          6.4223            6.1187!!
 ZERO-POINT CORRECTION= 0.769051 (HARTREE/PARTICLE)!
 !
Thermal correction to Energy=                        0.836436!
 Thermal correction to Enthalpy=                      0.837491!
 Thermal correction to Gibbs Free Energy=      0.653694!
 Sum of electronic and zero-point Energies=     -3237.150946!
 Sum of electronic and thermal Energies=         -3237.083560!
 Sum of electronic and thermal Enthalpies=      -3237.082505!
 Sum of electronic and thermal Free Energies=  -3237.266302!!
            ITEM            VALUE         THRESHOLD     CONVERGED?!
 MAXIMUM FORCE       0.000016           0.000450                YES!
     RMS     FORCE       0.000001            0.000300                YES!
________________________________________!!!!!!!!!
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!
Structures and Energies Figure 3.7!
  !
TS3.F-Si A!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.053  0.021 -0.530!
P -0.652  1.776 -0.232!
O -1.973  3.386  1.615!
O -4.955 -1.130 -0.257!
O  0.409  3.150 -2.326!
C -0.985  2.445  1.420!
C -0.367  2.186  2.615!
H  0.435  1.479  2.769!
C -1.002  3.007  3.599!
H -0.774  3.064  4.654!
C -1.965  3.709  2.938!
H -2.693  4.445  3.247!
C -2.305  1.279 -0.910!
C -3.070  0.275 -0.285!
C -4.258 -0.165 -0.918!
C -4.662  0.372 -2.144!
H -5.569  0.032 -2.627!
C -3.883  1.358 -2.749!
H -4.196  1.777 -3.701!
C -2.715  1.809 -2.145!
H -2.124  2.575 -2.632!
C -6.156 -1.625 -0.838!
H -6.902 -0.830 -0.960!
H -6.538 -2.373 -0.142!
H -5.967 -2.097 -1.809!
C -0.263  3.313 -1.133!
C  0.662  4.393 -2.823!
H  1.183  4.425 -3.768!
C  0.183  5.350 -1.980!
H  0.247  6.420 -2.118!
C -0.419  4.651 -0.886!
H -0.913  5.083 -0.028!
P -0.563 -1.761 -0.094!
O -2.587 -3.331 -1.172!
O -4.461  1.046  1.898!
O  1.302 -3.173  1.304!
C -1.596 -2.410 -1.436!
C -1.555 -2.167 -2.784!
H -0.886 -1.481 -3.283!
C -2.570 -2.977 -3.384!
H -2.824 -3.040 -4.432!
C -3.162 -3.657 -2.362!
H -3.965 -4.376 -2.315!
C -1.743 -1.292  1.258!
C -2.738 -0.315  1.054!
C -3.515  0.102  2.164!
C -3.300 -0.434  3.437!
H -3.895 -0.111  4.282!
C -2.304 -1.393  3.616!
H -2.137 -1.811  4.605!
C -1.530 -1.820  2.544!
H -0.758 -2.563  2.707!
C -5.253  1.538  2.973!
H -5.849  0.742  3.434!
H -5.921  2.280  2.535!
H -4.632  2.017  3.739!
C  0.184 -3.312  0.509!
C  1.751 -4.425  1.598!
H  2.627 -4.475  2.226!
C  0.961 -5.365  1.008!
H  1.084 -6.437  1.065!
C -0.056 -4.646  0.304!
H -0.868 -5.061 -0.273!
C  2.316 -1.462 -1.672!
C  2.667  1.576 -0.044!
C  3.840  0.941  0.395!
C  5.004  0.795 -0.376!
H  3.829  0.509  1.395!
C  3.435 -0.855 -2.282!
C  4.718 -0.877 -1.750!
H  3.259 -0.255 -3.177!
H  4.954 -1.621 -0.994!
H  5.559 -0.570 -2.364!
H  2.728  2.190 -0.941!
H  2.047  2.006  0.740!
H  2.525 -2.239 -0.938!
H  1.484 -1.700 -2.334!
C  6.296  0.396  0.220!
H  5.098  1.481 -1.215!
C  6.390 -0.506  1.300!
C  7.626 -0.861  1.837!
C  8.809 -0.336  1.306!
C  7.498  0.904 -0.308!
C  8.736  0.547  0.226!
H  9.646  0.962 -0.201!
H  9.771 -0.617  1.724!
H  5.485 -0.940  1.716!
H  7.668 -1.556  2.672!
H  7.454  1.596 -1.146!!!!!!!!
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                                 1                             2                           3!
                                 A                             A                           A!
 Frequencies --  -374.5002                 6.9123                13.6319!
 Red. masses --    11.3678                 6.0679                 6.0301!!
 ZERO-POINT CORRECTION= 0.694249 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.753963!
 Thermal correction to Enthalpy=                  0.755018!
 Thermal correction to Gibbs Free Energy=         0.589128!
 Sum of electronic and zero-point Energies=          -2883.303765!
 Sum of electronic and thermal Energies=             -2883.244052!
 Sum of electronic and thermal Enthalpies=           -2883.242996!
 Sum of electronic and thermal Free Energies=        -2883.408886!!
         ITEM                 VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000003         0.000450            YES!
 RMS     FORCE                  0.000000         0.000300            YES!
________________________________________!!
  !
TS3.F-Re a!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.018  0.594 -0.760!
P -0.147 -1.599 -0.303!
O -1.867 -3.422 -1.517!
O -4.471 -0.003  2.110!
O  1.964 -2.792  0.963!
C -1.078 -2.304 -1.690!
C -1.109 -1.929 -3.007!
H -0.589 -1.083 -3.433!
C -1.960 -2.857 -3.684!
H -2.218 -2.867 -4.734!
C -2.392 -3.734 -2.734!
H -3.042 -4.596 -2.759!
C -1.325 -1.557  1.132!
C -2.528 -0.826  1.070!
C -3.318 -0.716  2.242!
C -2.913 -1.308  3.442!
H -3.517 -1.220  4.336!
C -1.713 -2.017  3.482!
H -1.396 -2.479  4.413!
C -0.922 -2.141  2.346!
H  0.008 -2.692  2.406!
C -5.312  0.149  3.248!
H -5.669 -0.820  3.617!
H -6.163  0.742  2.912!
H -4.799  0.678  4.059!
C  0.925 -3.026  0.086!
C  2.682 -3.947  1.062!
H  3.531 -3.917  1.727!
C  2.142 -4.912  0.267!
H  2.505 -5.922  0.145!
C  1.004 -4.318 -0.365!
H  0.322 -4.790 -1.056!
P -1.037  1.812 -0.133!
O -2.450  2.618  2.125!
O -4.592 -2.003 -0.204!
O -0.869  3.769 -2.038!
C -1.274  2.085  1.642!
C -0.400  1.902  2.681!
H  0.597  1.494  2.600!
C -1.068  2.340  3.868!
H -0.682  2.338  4.877!
C -2.303  2.759  3.471!
H -3.153  3.167  3.997!
C -2.582  0.985 -0.750!
C -3.066 -0.212 -0.186!
C -4.170 -0.855 -0.803!
C -4.764 -0.326 -1.951!
H -5.605 -0.821 -2.421!
C -4.261  0.854 -2.498!
H -4.721  1.269 -3.391!
C -3.182  1.504 -1.912!
H -2.807  2.415 -2.361!
C -5.689 -2.707 -0.775!
H -6.600 -2.097 -0.781!
H -5.845 -3.580 -0.140!
H -5.466 -3.037 -1.796!
C -1.225  3.529 -0.726!
C -1.009  5.107 -2.261!
H -0.772  5.445 -3.258!
C -1.432  5.735 -1.129!
H -1.623  6.792 -1.013!
C -1.572  4.715 -0.134!
H -1.902  4.842  0.885!
C  2.103  2.586 -0.833!
C  2.791 -0.559 -1.688!
C  3.862 -0.567 -0.782!
C  5.025  0.222 -0.916!
H  3.759 -1.187  0.105!
C  3.427  2.585 -1.313!
C  4.551  2.230 -0.563!
H  3.574  2.762 -2.380!
H  4.450  2.179  0.520!
H  5.529  2.558 -0.902!
H  2.217 -1.475 -1.782!
H  2.942 -0.040 -2.634!
H  1.381  3.125 -1.439!
H  1.982  2.740  0.242!
C  6.186  0.013 -0.018!
H  5.307  0.461 -1.938!
C  6.035 -0.280  1.351!
C  7.144 -0.465  2.175!
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C  8.438 -0.350  1.659!
C  7.496  0.138 -0.518!
C  8.607 -0.043  0.306!
H  9.607  0.053 -0.110!
H  9.302 -0.491  2.303!
H  5.037 -0.354  1.775!
H  6.998 -0.693  3.228!
H  7.640  0.371 -1.571!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -430.3849                 8.0689                12.1402!
 Red. masses --    10.3665                 6.3302                 5.4390!!
 ZERO-POINT CORRECTION= 0.694583 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.754164!
 Thermal correction to Enthalpy=                  0.755219!
 Thermal correction to Gibbs Free Energy=         0.590177!
 Sum of electronic and zero-point Energies=          -2883.298735!
 Sum of electronic and thermal Energies=             -2883.239154!
 Sum of electronic and thermal Enthalpies=           -2883.238099!
 Sum of electronic and thermal Free Energies=        -2883.403141!!
         ITEM                   VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000011       0.000450              YES!
 RMS     FORCE                  0.000001      0.000300              YES!
________________________________________!!
  !
TS3.G!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P  1.744  1.654 -0.071!
O  4.255  1.530 -1.271!
O  2.942 -3.069  1.764!
O  1.345  3.905  1.413!
C  2.891  1.513 -1.469!
C  2.631  1.436 -2.812!
H  1.648  1.399 -3.259!
C  3.895  1.405 -3.480!
H  4.075  1.343 -4.544!
C  4.840  1.462 -2.499!
H  5.919  1.466 -2.507!
C  2.382  0.491  1.231!
C  2.496 -0.893  0.989!
C  2.829 -1.746  2.071!
C  3.023 -1.238  3.359!
H  3.270 -1.894  4.183!
C  2.896  0.133  3.577!
H  3.049  0.532  4.576!
C  2.580  0.992  2.530!
H  2.483  2.053  2.726!
C  3.263 -3.985  2.804!
H  4.237 -3.760  3.255!
H  3.303 -4.968  2.334!
H  2.494 -3.988  3.586!
C  2.242  3.295  0.561!
C  1.840  5.139  1.713!
H  1.243  5.736  2.385!
C  3.023  5.345  1.070!
H  3.636  6.233  1.121!
C  3.286  4.151  0.326!
H  4.144  3.946 -0.297!
P -0.475 -1.188 -0.314!
O -0.345 -3.247  1.558!
O  4.719 -1.619 -0.340!
O -2.098 -1.738 -2.436!
C -0.616 -1.913  1.342!
C -1.017 -1.338  2.518!
H -1.288 -0.301  2.650!
C -0.995 -2.366  3.513!
H -1.250 -2.274  4.559!
C -0.579 -3.496  2.875!
H -0.409 -4.512  3.200!
C  1.141 -1.813 -0.996!
C  2.368 -1.524 -0.367!
C  3.570 -1.911 -1.012!
C  3.550 -2.549 -2.255!
H  4.471 -2.839 -2.746!
C  2.325 -2.812 -2.867!
H  2.305 -3.308 -3.833!
C  1.133 -2.452 -2.249!
H  0.195 -2.667 -2.746!
C  5.964 -1.963 -0.935!
H  6.054 -3.046 -1.087!
H  6.731 -1.634 -0.233!
H  6.106 -1.450 -1.894!
C -1.703 -2.213 -1.202!
C -3.062 -2.578 -2.908!
H -3.466 -2.334 -3.879!
C -3.306 -3.572 -2.010!
H -4.022 -4.375 -2.119!
C -2.426 -3.339 -0.905!
H -2.328 -3.935 -0.011!
Pd -0.618  1.202 -0.463!
C -2.587  1.886 -1.563!
C -1.669  3.295 -0.166!
C -2.941  3.804  0.363!
C -3.374  3.644  1.623!
H -3.578  4.350 -0.334!
H -2.787  3.101  2.361!
H -4.324  4.052  1.955!
C -3.643  1.022 -1.053!
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C -4.894  1.424 -0.717!
H -3.375 -0.023 -0.933!
H -1.220  3.929 -0.929!
H -0.968  3.121  0.656!
H -1.908  1.395 -2.274!
H -2.937  2.818 -2.000!
C -5.976  0.579 -0.203!
H -5.158  2.470 -0.860!
C -5.801 -0.770  0.173!
C -7.268  1.129 -0.073!
C -8.338  0.371  0.401!
C -6.870 -1.527  0.646!
C -8.146 -0.965  0.762!
H -4.819 -1.229  0.102!
H -6.706 -2.563  0.929!
H -9.322  0.824  0.488!
H -8.976 -1.559  1.133!
H -7.428  2.168 -0.352!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -388.2070                 9.1092                14.9023!
 Red. masses --     4.0109                   6.4111                 5.3768!!
 ZERO-POINT CORRECTION= 0.693424 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.753758!
 Thermal correction to Enthalpy=                  0.754813!
 Thermal correction to Gibbs Free Energy=         0.586713!
 Sum of electronic and zero-point Energies=          -2883.275677!
 Sum of electronic and thermal Energies=             -2883.215343!
 Sum of electronic and thermal Enthalpies=           -2883.214288!
 Sum of electronic and thermal Free Energies=        -2883.382388!!
         ITEM                             VALUE     THRESHOLD  
CONVERGED?!
 MAXIMUM FORCE            0.000003         0.000450            YES!
 RMS     FORCE                  0.000001         0.000300            YES!
________________________________________!!
  !
PdLn!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.000  2.176  0.000!
P  1.933  0.939  0.035!
O  3.420 -0.779 -1.573!
O -1.123 -3.153  1.148!
O  3.451  2.452  1.701!
C  2.513  0.259 -1.545!
C  2.221  0.636 -2.828!
H  1.534  1.420 -3.111!
C  2.982 -0.210 -3.695!
H  3.000 -0.198 -4.775!
C  3.688 -1.045 -2.881!
H  4.392 -1.842 -3.065!
C  1.410 -0.533  1.057!
C  0.332 -1.364  0.676!
C -0.103 -2.360  1.586!
C  0.491 -2.506  2.844!
H  0.146 -3.264  3.537!
C  1.545 -1.669  3.202!
H  2.014 -1.782  4.175!
C  2.003 -0.695  2.321!
H  2.827 -0.057  2.619!
C -1.611 -4.173  2.009!
H -0.830 -4.902  2.258!
H -2.407 -4.675  1.456!
H -2.024 -3.755  2.935!
C  3.530  1.428  0.778!
C  4.718  2.730  2.111!
H  4.815  3.517  2.844!
C  5.614  1.924  1.475!
H  6.687  1.929  1.601!
C  4.845  1.079  0.614!
H  5.214  0.305 -0.043!
P -1.933  0.939 -0.035!
O -3.420 -0.779  1.573!
O  1.123 -3.153 -1.148!
O -3.451  2.452 -1.701!
C -2.513  0.259  1.545!
C -2.221  0.636  2.828!
H -1.534  1.420  3.111!
C -2.982 -0.210  3.695!
H -3.000 -0.198  4.775!
C -3.688 -1.045  2.881!
H -4.392 -1.842  3.065!
C -1.410 -0.533 -1.057!
C -0.332 -1.364 -0.676!
C  0.103 -2.360 -1.586!
C -0.491 -2.506 -2.844!
H -0.146 -3.264 -3.537!
C -1.545 -1.669 -3.202!
H -2.014 -1.782 -4.175!
C -2.003 -0.695 -2.321!
H -2.827 -0.057 -2.619!
C  1.611 -4.173 -2.009!
H  0.830 -4.902 -2.258!
H  2.407 -4.675 -1.456!
H  2.024 -3.755 -2.935!
C -3.530  1.428 -0.778!
C -4.718  2.730 -2.111!
H -4.815  3.517 -2.844!
C -5.614  1.924 -1.475!
H -6.687  1.929 -1.601!
C -4.845  1.079 -0.614!
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H -5.214  0.305  0.043!!
                                  1                          2                           3!
                                  A                          A                           A!
 Frequencies --    -6.5886                22.7440                33.5422!
 Red. masses --     6.8626                6.1981                 4.8096!!
 ZERO-POINT CORRECTION= 0.472498 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.515538!
 Thermal correction to Enthalpy=                  0.516593!
 Thermal correction to Gibbs Free Energy=         0.390226!
 Sum of electronic and zero-point Energies=          -2417.878301!
 Sum of electronic and thermal Energies=             -2417.835261!
 Sum of electronic and thermal Enthalpies=           -2417.834206!
 Sum of electronic and thermal Free Energies=        -2417.960573!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000001        0.000015              YES!
 RMS     FORCE                  0.000000        0.000010              YES!
________________________________________!!
  !
Branched 3.73!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C  1.548 -0.857 -0.475!
C  0.739  0.291  0.203!
C  3.030 -0.766 -0.237!
H  1.349 -0.831 -1.555!
H  1.171 -1.817 -0.107!
C  1.095  1.642 -0.380!
C  1.653  2.645  0.298!
H  0.864  1.777 -1.437!
H  1.900  2.554  1.353!
H  1.883  3.595 -0.177!
C  3.765 -1.709  0.354!
H  3.514  0.151 -0.574!
H  3.324 -2.638  0.710!
H  4.836 -1.592  0.500!
H  1.010  0.299  1.265!
C -0.763  0.032  0.109!
C -1.413 -0.074 -1.130!
C -1.529 -0.106  1.274!
C -2.903 -0.344  1.208!
C -2.787 -0.311 -1.200!
C -3.538 -0.448 -0.030!
H -3.271 -0.390 -2.170!
H -4.607 -0.633 -0.084!
H -0.847  0.028 -2.052!
H -1.043 -0.025  2.243!
H -3.476 -0.449  2.126!!
                                   1                          2                           3!
                                   A                          A                           A!
 Frequencies --    36.3057                60.4610                72.3007!
 Red. masses --     3.6970                 2.7976                 3.0255!!
 ZERO-POINT CORRECTION= 0.223164 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.237567!
 Thermal correction to Enthalpy=                  0.238622!
 Thermal correction to Gibbs Free Energy=         0.177883!
 Sum of electronic and zero-point Energies=           -465.461123!
 Sum of electronic and thermal Energies=              -465.446719!
 Sum of electronic and thermal Enthalpies=            -465.445664!
 Sum of electronic and thermal Free Energies=         -465.506404!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000008        0.000450             YES!
 RMS     FORCE                  0.000002        0.000300             YES!
________________________________________!!
  !
Linear 3.73!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C -4.095 -0.814 -0.000!
C -4.408  0.546 -0.000!
C -2.763 -1.226 -0.000!
C -3.373  1.487  0.000!
C -2.043  1.075  0.000!
C -1.709 -0.294  0.000!
H -4.888 -1.556 -0.000!
H -5.443  0.872 -0.000!
H -2.528 -2.287 -0.000!
H -3.604  2.548  0.000!
H -1.258  1.825  0.000!
C -0.324 -0.792  0.000!
C  0.807 -0.069  0.000!
H -0.235 -1.879  0.000!
C  2.197 -0.663  0.000!
H  0.751  1.019  0.000!
C  3.307  0.397 -0.000!
H  2.324 -1.316 -0.875!
H  2.324 -1.316  0.875!
C  4.699 -0.199  0.000!
H  3.183  1.049  0.876!
H  3.183  1.049 -0.876!
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C  5.835  0.499 -0.000!
H  4.756 -1.288  0.000!
H  5.842  1.587 -0.000!
H  6.804  0.008 -0.000!!
                                   1                           2                           3!
                                   A                           A                           A!
 Frequencies --  -141.2770               -90.3086                22.1662!
 Red. masses --     1.9790                   2.0314                 2.7343!!
 ZERO-POINT CORRECTION= 0.222498 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.235410!
 Thermal correction to Enthalpy=                  0.236465!
 Thermal correction to Gibbs Free Energy=         0.178360!
 Sum of electronic and zero-point Energies=           -465.467778!
 Sum of electronic and thermal Energies=              -465.454865!
 Sum of electronic and thermal Enthalpies=            -465.453810!
 Sum of electronic and thermal Free Energies=         -465.511915!!
         ITEM                  VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000055         0.000450            YES!
 RMS     FORCE                  0.000011         0.000300            YES!
________________________________________!!
Structures and Energies Figure 3.8!!
  !
TS3.F-Si B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.945  0.685 -0.920!
P -1.135  1.797 -0.223!
O -2.469  2.896  1.960!
O -4.225 -2.335  0.364!
O -0.996  3.438 -2.388!
C -1.300  2.324  1.504!
C -0.395  2.270  2.531!
H  0.603  1.861  2.470!
C -1.033  2.835  3.679!
H -0.617  2.955  4.669!
C -2.284  3.195  3.275!
H -3.123  3.654  3.776!
C -2.670  0.819 -0.583!
C -2.921 -0.398  0.082!
C -4.032 -1.176 -0.326!
C -4.859 -0.758 -1.373!
H -5.706 -1.356 -1.685!
C -4.586  0.446 -2.022!
H -5.230  0.774 -2.834!
C -3.504  1.229 -1.637!
H -3.310  2.162 -2.153!
C -5.322 -3.167  0.006!
H -6.280 -2.648  0.132!
H -5.283 -4.020  0.684!
H -5.236 -3.522 -1.028!
C -1.421  3.382 -1.077!
C -1.228  4.703 -2.837!
H -0.949  4.897 -3.862!
C -1.780  5.465 -1.852!
H -2.062  6.506 -1.925!
C -1.907  4.610 -0.712!
H -2.316  4.866  0.254!
P  0.079 -1.544 -0.444!
O -1.617 -3.564 -1.323!
O -3.936 -0.163  2.570!
O  2.521 -2.441  0.365!
C -0.996 -2.376 -1.644!
C -1.296 -2.047 -2.939!
H -0.959 -1.163 -3.461!
C -2.144 -3.081 -3.446!
H -2.577 -3.150 -4.434!
C -2.305 -3.970 -2.425!
H -2.850 -4.897 -2.326!
C -0.866 -1.517  1.153!
C -2.125 -0.891  1.256!
C -2.716 -0.768  2.539!
C -2.065 -1.241  3.682!
H -2.518 -1.141  4.660!
C -0.817 -1.849  3.556!
H -0.310 -2.220  4.443!
C -0.219 -1.988  2.309!
H  0.753 -2.460  2.235!
C -4.578  0.014  3.827!
H -4.780 -0.947  4.316!
H -5.524  0.513  3.611!
H -3.981  0.644  4.496!
C  1.324 -2.853 -0.181!
C  3.341 -3.528  0.420!
H  4.324 -3.351  0.827!
C  2.709 -4.626 -0.082!
H  3.120 -5.621 -0.168!
C  1.402 -4.191 -0.469!
H  0.615 -4.792 -0.899!
C  2.217 -0.014 -2.742!
C  2.222  2.500 -0.651!
C  3.207  1.789  0.063!
C  4.532  1.539 -0.371!
H  2.926  1.408  1.045!
C  3.499 -0.426 -2.368!
C  4.594  0.430 -2.271!
H  2.509  2.948 -1.603!
H  1.508  3.093 -0.086!
H  1.499 -0.774 -3.038!
H  2.126  0.929 -3.283!
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C  5.484  0.821  0.500!
H  4.986  2.329 -0.962!
H  4.573  1.347 -2.854!
H  5.584  0.020 -2.099!
H  3.610 -1.439 -1.982!
C  5.077 -0.217  1.363!
C  6.853  1.150  0.476!
C  7.774  0.488  1.287!
C  5.996 -0.874  2.180!
C  7.351 -0.527  2.149!
H  7.193  1.944 -0.186!
H  8.823  0.769  1.250!
H  8.065 -1.044  2.784!
H  4.034 -0.520  1.376!
H  5.655 -1.665  2.843!!
                                  1                            2                          3!
                                  A                            A                          A!
 Frequencies --  -399.6846                11.3389                20.3841!
 Red. masses --     9.7657                  5.9314                 6.1455!!
 ZERO-POINT CORRECTION= 0.694558 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.754052!
 Thermal correction to Enthalpy=                  0.755107!
 Thermal correction to Gibbs Free Energy=         0.591602!
 Sum of electronic and zero-point Energies=          -2883.298546!
 Sum of electronic and thermal Energies=             -2883.239051!
 Sum of electronic and thermal Enthalpies=           -2883.237996!
 Sum of electronic and thermal Free Energies=        -2883.401502!!
         ITEM                    VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000004         0.000450             YES!
 RMS     FORCE                  0.000001         0.000300            YES!
________________________________________!!
  !
trans-TS3.F-Si B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.113 -0.076 -0.426!
P -0.481  1.787 -0.225!
O -1.876  3.411  1.553!
O -4.927 -0.880 -0.554!
O  0.776  3.137 -2.231!
C -0.884  2.464  1.408!
C -0.312  2.220  2.628!
H  0.486  1.517  2.822!
C -0.981  3.055  3.577!
H -0.793  3.125  4.638!
C -1.917  3.751  2.871!
H -2.654  4.491  3.143!
C -2.107  1.377 -1.015!
C -2.971  0.421 -0.444!
C -4.129  0.039 -1.166!
C -4.408  0.583 -2.423!
H -5.292  0.285 -2.972!
C -3.533  1.520 -2.972!
H -3.750  1.946 -3.947!
C -2.393  1.916 -2.282!
H -1.727  2.644 -2.728!
C -6.097 -1.326 -1.230!
H -6.794 -0.501 -1.419!
H -6.569 -2.049 -0.564!
H -5.849 -1.817 -2.179!
C  0.043  3.312 -1.076!
C  1.129  4.373 -2.681!
H  1.706  4.395 -3.592!
C  0.655  5.338 -1.844!
H  0.789  6.405 -1.951!
C -0.050  4.653 -0.805!
H -0.569  5.093  0.033!
P -0.613 -1.759 -0.033!
O -2.592 -3.316 -1.207!
O -4.479  1.305  1.607!
O  1.062 -3.179  1.573!
C -1.578 -2.408 -1.425!
C -1.476 -2.161 -2.769!
H -0.780 -1.480 -3.236!
C -2.475 -2.955 -3.415!
H -2.685 -3.012 -4.473!
C -3.119 -3.631 -2.421!
H -3.932 -4.341 -2.412!
C -1.869 -1.204  1.217!
C -2.780 -0.169  0.923!
C -3.619  0.310  1.959!
C -3.546 -0.222  3.250!
H -4.188  0.148  4.040!
C -2.633 -1.240  3.519!
H -2.576 -1.657  4.521!
C -1.799 -1.728  2.519!
H -1.096 -2.517  2.753!
C -5.340  1.848  2.602!
H -6.019  1.088  3.007!
H -5.923  2.621  2.101!
H -4.769  2.299  3.422!
C  0.032 -3.314  0.666!
C  1.466 -4.433  1.919!
H  2.269 -4.487  2.638!
C  0.734 -5.370  1.253!
H  0.841 -6.443  1.329!
C -0.197 -4.646  0.443!
H -0.949 -5.058 -0.214!
C  2.326 -1.493 -1.780!
C  2.926  1.204 -0.030!
C  3.442  0.328  0.947!
C  4.617 -0.463  0.922!
H  2.814  0.192  1.830!
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C  3.218 -2.296 -1.054!
C  4.527 -1.927 -0.767!
H  3.488  1.368 -0.947!
H  2.377  2.078  0.307!
H  1.449 -1.971 -2.210!
H  2.756 -0.707 -2.401!
H  4.660 -1.188  1.735!
C  5.974  0.012  0.561!
H  5.009 -1.198 -1.411!
H  5.200 -2.637 -0.296!
H  2.819 -3.190 -0.576!
C  7.082 -0.750  0.991!
C  6.251  1.189 -0.163!
C  8.391 -0.370  0.705!
C  7.562  1.571 -0.450!
C  8.643  0.796 -0.024!
H  9.662  1.098 -0.249!
H  7.737  2.488 -1.007!
H  6.903 -1.658  1.564!
H  9.217 -0.983  1.055!
H  5.436  1.823 -0.491!!
                                 1                             2                           3!
                                 A                             A                           A!
 Frequencies --  -390.5877                 6.7309                13.9137!
 Red. masses --     8.1521                  6.2623                 6.0650!!
 ZERO-POINT CORRECTION= 0.694042 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.753819!
 Thermal correction to Enthalpy=                  0.754874!
 Thermal correction to Gibbs Free Energy=         0.588612!
 Sum of electronic and zero-point Energies=          -2883.290207!
 Sum of electronic and thermal Energies=             -2883.230430!
 Sum of electronic and thermal Enthalpies=           -2883.229375!
 Sum of electronic and thermal Free Energies=        -2883.395637!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000012        0.000450              YES!
 RMS     FORCE                  0.000001        0.000300              YES!
________________________________________!!
  !
trans-TS3.F-Re a!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.172  0.032 -0.994!
P -0.459  1.796 -0.386!
O -1.570  3.176  1.762!
O -4.717 -1.171  0.104!
O  0.115  3.391 -2.531!
C -0.551  2.351  1.337!
C  0.318  2.136  2.374!
H  1.209  1.527  2.334!
C -0.188  2.861  3.498!
H  0.239  2.918  4.489!
C -1.332  3.467  3.070!
H -2.055  4.111  3.548!
C -2.173  1.253 -0.855!
C -2.864  0.260 -0.134!
C -4.100 -0.213 -0.643!
C -4.626  0.285 -1.838!
H -5.569 -0.079 -2.225!
C -3.921  1.263 -2.539!
H -4.328  1.653 -3.468!
C -2.708  1.743 -2.060!
H -2.177  2.498 -2.627!
C -5.961 -1.692 -0.347!
H -6.726 -0.909 -0.414!
H -6.264 -2.428  0.398!
H -5.859 -2.185 -1.322!
C -0.302  3.416 -1.216!
C  0.225  4.684 -2.949!
H  0.539  4.823 -3.972!
C -0.099  5.539 -1.939!
H -0.096  6.618 -1.985!
C -0.441  4.719 -0.817!
H -0.763  5.052  0.159!
P -0.336 -1.738 -0.141!
O -2.394 -3.426 -0.964!
O -4.073  1.054  2.148!
O  1.668 -3.031  1.181!
C -1.470 -2.477 -1.346!
C -1.569 -2.270 -2.696!
H -0.974 -1.574 -3.270!
C -2.604 -3.132 -3.175!
H -2.957 -3.233 -4.192!
C -3.068 -3.805 -2.084!
H -3.834 -4.552 -1.943!
C -1.384 -1.255  1.312!
C -2.405 -0.294  1.182!
C -3.090  0.133  2.347!
C -2.755 -0.375  3.605!
H -3.278 -0.045  4.494!
C -1.733 -1.317  3.712!
H -1.472 -1.715  4.689!
C -1.050 -1.755  2.583!
H -0.258 -2.486  2.692!
C -4.794  1.536  3.276!
H -5.330  0.728  3.788!
H -5.514  2.255  2.885!
H -4.131  2.040  3.990!
C  0.520 -3.238  0.446!
C  2.193 -4.255  1.470!
H  3.100 -4.251  2.055!
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C  1.423 -5.242  0.934!
H  1.602 -6.305  1.001!
C  0.337 -4.585  0.272!
H -0.482 -5.050 -0.256!
C  2.331 -1.593 -2.171!
C  2.780  1.657 -1.218!
C  3.983  1.265 -1.819!
C  5.080  0.574 -1.268!
H  4.050  1.421 -2.897!
C  3.575 -1.927 -1.598!
C  4.801 -1.403 -2.011!
H  3.561 -2.551 -0.706!
H  4.895 -1.062 -3.039!
H  5.713 -1.823 -1.595!
H  2.198  2.381 -1.780!
H  2.780  1.819 -0.140!
H  1.544 -2.336 -2.088!
H  2.355 -1.100 -3.145!
H  5.991  0.659 -1.858!
C  5.357  0.426  0.180!
C  4.377  0.075  1.130!
C  6.676  0.609  0.642!
C  7.001  0.473  1.991!
C  4.704 -0.066  2.480!
C  6.014  0.138  2.921!
H  8.027  0.628  2.316!
H  6.263  0.031  3.973!
H  3.360 -0.115  0.803!
H  3.929 -0.342  3.191!
H  7.453  0.868 -0.073!!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --  -409.1121                12.3309                17.7263!
 Red. masses --    10.9456                 6.0559                 5.8831!
 !
ZERO-POINT CORRECTION= 0.695151 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.754466!
 Thermal correction to Enthalpy=                  0.755521!
 Thermal correction to Gibbs Free Energy=         0.592838!
 Sum of electronic and zero-point Energies=          -2883.294600!
 Sum of electronic and thermal Energies=             -2883.235284!
 Sum of electronic and thermal Enthalpies=           -2883.234229!
 Sum of electronic and thermal Free Energies=        -2883.396913!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000028         0.000450            YES!
 RMS     FORCE                  0.000003         0.000300            YES!
________________________________________!!!!!!!!!!!
  !
TS3.F-Re b!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.850  0.947 -0.219!
P -1.427  1.774 -0.132!
O -3.510  2.423  1.598!
O -3.924 -2.722 -0.863!
O -0.872  3.690 -1.987!
C -2.181  2.071  1.490!
C -1.618  2.049  2.738!
H -0.591  1.798  2.961!
C -2.647  2.405  3.666!
H -2.563  2.487  4.740!
C -3.768  2.617  2.921!
H -4.781  2.899  3.166!
C -2.601  0.665 -1.044!
C -2.900 -0.627 -0.566!
C -3.670 -1.490 -1.385!
C -4.119 -1.080 -2.644!
H -4.706 -1.743 -3.267!
C -3.803  0.200 -3.099!
H -4.153  0.521 -4.076!
C -3.050  1.066 -2.314!
H -2.813  2.054 -2.690!
C -4.673 -3.651 -1.640!
H -5.680 -3.277 -1.856!
H -4.748 -4.554 -1.034!
H -4.162 -3.888 -2.581!
C -1.679  3.406 -0.905!
C -1.161  4.958 -2.388!
H -0.606  5.321 -3.239!
C -2.124  5.503 -1.592!
H -2.542  6.496 -1.676!
C -2.462  4.498 -0.632!
H -3.196  4.567  0.156!
P  0.195 -1.410 -0.042!
O -0.670 -3.719 -1.325!
O -4.754 -0.707  1.389!
O  2.282 -1.831  1.645!
C -0.248 -2.416 -1.485!
C -0.237 -2.107 -2.820!
H  0.029 -1.151 -3.246!
C -0.670 -3.276 -3.522!
H -0.782 -3.396 -4.590!
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C -0.918 -4.217 -2.567!
H -1.257 -5.241 -2.605!
C -1.233 -1.603  1.132!
C -2.517 -1.126  0.797!
C -3.536 -1.175  1.780!
C -3.280 -1.673  3.061!
H -4.061 -1.704  3.810!
C -2.001 -2.131  3.373!
H -1.800 -2.520  4.367!
C -0.985 -2.098  2.424!
H  0.001 -2.460  2.689!
C -5.821 -0.712  2.331!
H -6.056 -1.727  2.670!
H -6.683 -0.299  1.807!
H -5.590 -0.083  3.200!
C  1.495 -2.452  0.699!
C  3.226 -2.729  2.042!
H  3.915 -2.384  2.798!
C  3.076 -3.906  1.371!
H  3.686 -4.791  1.481!
C  1.952 -3.729  0.503!
H  1.528 -4.456 -0.172!
C  2.598  0.574 -1.797!
C  1.776  2.818  0.483!
C  2.786  2.156  1.224!
C  4.155  2.165  0.925!
H  2.466  1.579  2.092!
C  3.764  0.127 -1.196!
C  4.828  0.970 -0.816!
H  2.097  3.461 -0.338!
H  0.922  3.213  1.030!
H  1.959 -0.147 -2.297!
H  2.579  1.581 -2.212!
H  4.837  1.715  1.639!
H  4.555  3.028  0.403!
H  4.899  1.894 -1.382!
C  6.130  0.461 -0.349!
H  3.812 -0.925 -0.915!
C  7.293  1.228 -0.560!
C  6.276 -0.765  0.333!
C  7.527 -1.205  0.763!
C  8.544  0.790 -0.126!
C  8.671 -0.433  0.537!
H  9.422  1.404 -0.309!
H  9.644 -0.778  0.876!
H  5.402 -1.376  0.538!
H  7.609 -2.156  1.283!
H  7.209  2.179 -1.082!!!!!!!!!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -383.4892                16.3957                18.4342!
 Red. masses --    10.4803                  6.0149                  5.9958!!
 ZERO-POINT CORRECTION= 0.693895 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.753725!
 Thermal correction to Enthalpy=                  0.754781!
 Thermal correction to Gibbs Free Energy=         0.589596!
 Sum of electronic and zero-point Energies=          -2883.298986!
 Sum of electronic and thermal Energies=             -2883.239155!
 Sum of electronic and thermal Enthalpies=           -2883.238100!
 Sum of electronic and thermal Free Energies=        -2883.403285!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000000        0.000450             YES!
 RMS     FORCE                  0.000000        0.000300            YES!
________________________________________!!
  !
trans-TS3.F-Re b!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -1.083  0.422 -0.175!
P  0.857  1.834  0.078!
O  2.915  3.090 -1.307!
O  4.425 -1.730  1.309!
O -0.515  3.471  1.771!
C  1.745  2.368 -1.411!
C  1.433  2.203 -2.734!
H  0.577  1.669 -3.119!
C  2.459  2.855 -3.488!
H  2.540  2.925 -4.563!
C  3.328  3.370 -2.573!
H  4.243  3.937 -2.656!
C  2.151  1.111  1.190!
C  2.875 -0.035  0.805!
C  3.747 -0.633  1.747!
C  3.881 -0.112  3.038!
H  4.546 -0.574  3.757!
C  3.146  1.016  3.400!
H  3.251  1.424  4.402!
C  2.287  1.625  2.492!
H  1.726  2.501  2.794!
C  5.321 -2.380  2.203!
H  6.127 -1.710  2.525!
H  5.749 -3.213  1.643!
H  4.797 -2.769  3.084!
C  0.491  3.456  0.828!
C -0.684  4.763  2.166!
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H -1.443  4.931  2.914!
C  0.178  5.582  1.499!
H  0.261  6.654  1.608!
C  0.941  4.736  0.633!
H  1.729  5.033 -0.042!
P  0.231 -1.679 -0.095!
O  1.581 -3.520  1.491!
O  4.921  0.425 -0.889!
O -1.398 -2.830 -1.949!
C  0.740 -2.428  1.476!
C  0.399 -2.105  2.763!
H -0.231 -1.280  3.061!
C  1.058 -3.043  3.617!
H  1.018 -3.090  4.696!
C  1.759 -3.873  2.794!
H  2.399 -4.725  2.968!
C  1.804 -1.450 -1.057!
C  2.839 -0.623 -0.576!
C  3.953 -0.375 -1.417!
C  4.026 -0.927 -2.699!
H  4.878 -0.733 -3.339!
C  2.985 -1.734 -3.157!
H  3.040 -2.164 -4.152!
C  1.883 -1.995 -2.350!
H  1.086 -2.624 -2.727!
C  6.059  0.734 -1.686!
H  6.620 -0.169 -1.956!
H  6.688  1.377 -1.070!
H  5.775  1.271 -2.598!
C -0.553 -3.119 -0.897!
C -1.939 -4.006 -2.372!
H -2.621 -3.938 -3.205!
C -1.476 -5.042 -1.617!
H -1.740 -6.085 -1.724!
C -0.577 -4.469 -0.663!
H -0.012 -4.989  0.096!
C -2.963 -0.418  1.083!
C -2.325  1.977 -1.073!
C -2.988  1.110 -1.984!
C -4.327  0.726 -1.883!
H -2.406  0.725 -2.821!
C -3.681 -1.237  0.227!
C -4.878 -0.961 -0.476!
H -2.940  2.462 -0.314!
H -1.550  2.626 -1.476!
H -2.210 -0.862  1.728!
H -3.380  0.521  1.435!
H -4.792  0.226 -2.727!
H -4.990  1.352 -1.298!
C -6.104 -0.340  0.064!
H -5.111 -1.700 -1.242!
H -3.176 -2.155 -0.070!
C -7.269 -0.355 -0.735!
C -6.213  0.249  1.341!
C -7.415  0.803  1.782!
C -8.469  0.200 -0.295!
C -8.551  0.790  0.970!
H -9.484  1.223  1.318!
H -9.344  0.168 -0.940!
H -7.224 -0.815 -1.720!
H -5.358  0.249  2.006!
H -7.463  1.243  2.775!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -370.0475                14.7095                16.9664!
 Red. masses --     8.6478                   6.1878                  5.7703!!
 ZERO-POINT CORRECTION= 0.694058 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.753819!
 Thermal correction to Enthalpy=                  0.754874!
 Thermal correction to Gibbs Free Energy=         0.589810!
 Sum of electronic and zero-point Energies=          -2883.290741!
 Sum of electronic and thermal Energies=             -2883.230980!
 Sum of electronic and thermal Enthalpies=           -2883.229925!
 Sum of electronic and thermal Free Energies=        -2883.394989!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000001        0.000450              YES!
 RMS     FORCE                  0.000000        0.000300             YES!
________________________________________!!
  !
TS3.F-Re c!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.087  0.717 -0.357!
P -1.108  1.768 -0.073!
O -2.930  2.642  1.838!
O -4.278 -2.318 -0.593!
O -0.524  3.626 -1.978!
C -1.675  2.117  1.613!
C -1.027  1.970  2.811!
H -0.033  1.570  2.945!
C -1.924  2.425  3.828!
H -1.748  2.453  4.894!
C -3.058  2.818  3.182!
H -3.999  3.228  3.516!
C -2.497  0.846 -0.883!
C -2.927 -0.403 -0.390!
C -3.901 -1.123 -1.127!
C -4.420 -0.616 -2.322!
H -5.162 -1.170 -2.883!
C -3.972  0.616 -2.795!
H -4.376  1.012 -3.723!
C -3.020  1.343 -2.090!
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H -2.685  2.297 -2.477!
C -5.252 -3.094 -1.282!
H -6.206 -2.560 -1.369!
H -5.396 -3.993 -0.681!
H -4.904 -3.379 -2.282!
C -1.220  3.435 -0.803!
C -0.680  4.932 -2.335!
H -0.191  5.231 -3.250!
C -1.446  5.588 -1.420!
H -1.727  6.631 -1.446!
C -1.798  4.619 -0.428!
H -2.411  4.774  0.448!
P  0.105 -1.546 -0.209!
O -1.294 -3.475 -1.643!
O -4.559 -0.339  1.758!
O  2.254 -2.535  1.147!
C -0.621 -2.274 -1.702!
C -0.585 -1.841 -3.002!
H -0.134 -0.923 -3.349!
C -1.271 -2.821 -3.786!
H -1.440 -2.806 -4.853!
C -1.679 -3.783 -2.912!
H -2.225 -4.708 -3.026!
C -1.217 -1.621  1.090!
C -2.465 -0.991  0.910!
C -3.371 -0.960  1.999!
C -3.039 -1.533  3.230!
H -3.734 -1.505  4.060!
C -1.796 -2.145  3.387!
H -1.537 -2.592  4.342!
C -0.890 -2.189  2.334!
H  0.072 -2.666  2.480!
C -5.510 -0.253  2.813!
H -5.828 -1.246  3.152!
H -6.368  0.277  2.398!
H -5.114  0.312  3.665!
C  1.248 -2.885  0.269!
C  3.032 -3.638  1.332!
H  3.871 -3.514  1.999!
C  2.563 -4.682  0.595!
H  2.987 -5.675  0.544!
C  1.407 -4.196 -0.094!
H  0.767 -4.748 -0.765!
C  2.879 -0.231 -1.452!
C  1.996  2.720  0.213!
C  3.341  2.617  0.640!
C  4.445  2.887 -0.160!
H  3.522  2.227  1.642!
H  4.299  3.475 -1.062!
H  5.425  2.978  0.297!
C  3.831  0.701 -1.893!
C  5.029  1.098 -1.279!
H  3.567  1.269 -2.786!
C  5.787  0.329 -0.265!
H  5.679  1.691 -1.920!
H  1.809  3.323 -0.675!
H  1.275  2.896  1.009!
H  3.190 -0.992 -0.743!
H  2.202 -0.595 -2.223!
C  7.190  0.261 -0.382!
C  5.195 -0.315  0.841!
C  7.968 -0.432  0.543!
C  5.976 -1.003  1.772!
C  7.364 -1.073  1.628!
H  5.496 -1.478  2.624!
H  7.966 -1.612  2.354!
H  7.672  0.759 -1.220!
H  9.047 -0.470  0.419!
H  4.125 -0.250  0.990!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -368.6048                10.4918                20.0106!
 Red. masses --    11.3121                  6.0004                   5.8267!!
 ZERO-POINT CORRECTION= 0.694848 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.754340!
 Thermal correction to Enthalpy=                  0.755395!
 Thermal correction to Gibbs Free Energy=         0.591290!
 Sum of electronic and zero-point Energies=          -2883.298581!
 Sum of electronic and thermal Energies=             -2883.239090!
 Sum of electronic and thermal Enthalpies=           -2883.238035!
 Sum of electronic and thermal Free Energies=        -2883.402139!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000009        0.000450             YES!
 RMS     FORCE                 0.000002         0.000300             YES!
________________________________________!!
Structures and Energies Figure 3.9!!
  !
(R)-3.83-GS!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P  0.334 -1.459  0.787!
C  0.689 -3.530 -1.142!
O -4.400 -1.326 -1.368!
C  0.741 -2.074  3.492!
C  1.048 -2.237 -0.724!
C  2.007 -1.525 -1.460!
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C -1.474 -1.909  0.728!
C -2.284 -1.490 -0.350!
C -3.677 -1.748 -0.293!
C -4.249 -2.396  0.806!
H -5.314 -2.585  0.848!
C -3.430 -2.809  1.855!
H -3.867 -3.324  2.705!
C -2.060 -2.571  1.821!
H -1.448 -2.907  2.647!
C -5.799 -1.584 -1.393!
H -6.011 -2.659 -1.346!
H -6.158 -1.187 -2.343!
H -6.316 -1.075 -0.571!
C  1.005 -2.491  2.173!
C  1.811 -3.623  1.980!
P -1.224  1.567 -0.230!
C -4.072  1.706 -0.428!
O -2.155 -2.974 -2.590!
C  0.454  3.584 -1.204!
C -2.945  1.698  0.411!
C -3.123  1.831  1.797!
C -1.351  0.475 -1.729!
C -1.759 -0.870 -1.612!
C -1.742 -1.689 -2.770!
C -1.319 -1.187 -4.004!
H -1.302 -1.818 -4.883!
C -0.915  0.143 -4.097!
H -0.590  0.539 -5.055!
C -0.929  0.968 -2.977!
H -0.613  1.998 -3.077!
C -2.180 -3.847 -3.714!
H -2.850 -3.475 -4.498!
H -2.556 -4.801 -3.343!
H -1.176 -3.991 -4.131!
C -0.886  3.236 -0.963!
C -1.890  4.161 -1.285!
C  0.780  4.814 -1.775!
C -0.228  5.726 -2.095!
C -1.562  5.399 -1.844!
H -2.932  3.924 -1.098!
H  0.024  6.689 -2.531!
H -2.351  6.105 -2.083!
H  1.243  2.889 -0.931!
H  1.821  5.064 -1.958!
C -4.404  1.984  2.333!
H -2.259  1.818  2.453!
C -5.350  1.863  0.112!
C -5.518  2.004  1.492!
H -3.953  1.576 -1.498!
H -6.214  1.874 -0.546!
H -6.514  2.124  1.909!
H -4.528  2.086  3.407!
C  2.321 -4.328  3.074!
H  2.048 -3.961  0.978!
C  1.237 -2.789  4.582!
C  2.032 -3.919  4.375!
H  2.946 -5.200  2.902!
H  2.428 -4.471  5.223!
H  0.147 -1.181  3.664!
H  1.013 -2.454  5.591!
C  2.608 -2.098 -2.584!
H  2.278 -0.520 -1.154!
C  2.256 -3.388 -2.983!
C  1.294 -4.103 -2.261!
H  3.350 -1.535 -3.141!
H -0.067 -4.085 -0.597!
H  2.725 -3.836 -3.854!
H  1.016 -5.106 -2.569!
Pd  0.594  0.950  1.278!
C  2.472  0.706  2.322!
C  0.641  2.923  2.120!
C  0.346  2.836  3.564!
H -0.070  3.571  1.602!
H  1.658  3.273  1.919!
C -0.745  3.315  4.191!
H  1.090  2.325  4.177!
C  3.494  0.412  1.316!
H  2.305 -0.122  3.013!
H  2.687  1.623  2.871!
C  4.379  1.303  0.799!
H  3.526 -0.617  0.957!
C  5.400  1.060 -0.219!
H  4.344  2.326  1.177!
C  6.235  2.126 -0.619!
C  5.615 -0.194 -0.836!
C  6.608 -0.363 -1.798!
C  7.229  1.955 -1.582!
C  7.424  0.708 -2.180!
H  7.853  2.799 -1.865!
H  8.197  0.570 -2.930!
H  6.094  3.102 -0.161!
H  4.999 -1.044 -0.562!
H  6.749 -1.341 -2.253!
H -0.888  3.192  5.261!
H -1.524  3.852  3.654!!
                                  1                           2                           3!
                                  A                           A                           A!
 Frequencies --      7.6238                11.7585                17.3066!
 Red. masses --     6.1703                 5.3589                 5.5526!!
 ZERO-POINT CORRECTION= 0.817483 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.881503!
 Thermal correction to Enthalpy=                  0.882558!
 Thermal correction to Gibbs Free Energy=         0.709395!
 Sum of electronic and zero-point Energies=          -2892.103980!
 Sum of electronic and thermal Energies=             -2892.039960!
 Sum of electronic and thermal Enthalpies=           -2892.038905!
 Sum of electronic and thermal Free Energies=        -2892.212068!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000003        0.000450              YES!
 RMS     FORCE                  0.000000        0.000300              YES!!
________________________________________!!
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  !
(R)-3.83-TS3.H-Si A!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P  0.590 -1.784 -0.219!
C  2.087 -3.398  1.618!
O  4.966  1.015 -0.219!
C -0.524 -2.957 -2.496!
C  0.992 -2.540  1.420!
C  0.150 -2.257  2.507!
C  2.247 -1.312 -0.914!
C  3.036 -0.329 -0.276!
C  4.242  0.081 -0.897!
C  4.640 -0.450 -2.128!
H  5.558 -0.124 -2.602!
C  3.846 -1.416 -2.742!
H  4.157 -1.839 -3.693!
C  2.665 -1.846 -2.147!
H  2.068 -2.602 -2.640!
C  6.202  1.454 -0.772!
H  6.906  0.623 -0.894!
H  6.610  2.169 -0.057!
H  6.055  1.953 -1.737!
C  0.074 -3.236 -1.253!
C  0.181 -4.576 -0.851!
P  0.601  1.799 -0.029!
C  2.807  3.280 -1.095!
O  4.436 -1.164  1.865!
C -1.278  3.121  1.563!
C  1.696  2.463 -1.361!
C  1.388  2.153 -2.695!
C  1.782  1.275  1.310!
C  2.733  0.257  1.075!
C  3.524 -0.196  2.161!
C  3.362  0.331  3.445!
H  3.962 -0.026  4.273!
C  2.418  1.335  3.655!
H  2.297  1.757  4.649!
C  1.638  1.805  2.605!
H  0.917  2.590  2.794!
C  5.259 -1.668  2.910!
H  5.877 -0.878  3.353!
H  5.907 -2.413  2.446!
H  4.661 -2.147  3.694!
C -0.214  3.315  0.661!
C  0.110  4.628  0.290!
C -1.970  4.204  2.102!
C -1.631  5.508  1.728!
C -0.595  5.714  0.817!
H  0.910  4.815 -0.417!
H -2.177  6.353  2.137!
H -0.330  6.723  0.512!
H -1.567  2.109  1.834!
H -2.782  4.030  2.802!
C  2.161  2.660 -3.742!
H  0.548  1.500 -2.911!
C  3.577  3.791 -2.142!
C  3.254  3.483 -3.467!
H  3.076  3.513 -0.070!
H  4.430  4.427 -1.923!
H  3.856  3.881 -4.280!
H  1.911  2.408 -4.768!
C -0.281 -5.606 -1.676!
H  0.618 -4.825  0.108!
C -0.969 -3.986 -3.326!
C -0.850 -5.317 -2.916!
H -0.193 -6.637 -1.343!
H -1.207 -6.119 -3.555!
H -0.649 -1.923 -2.805!
H -1.420 -3.747 -4.285!
C  0.384 -2.830  3.759!
H -0.683 -1.573  2.374!
C  1.466 -3.693  3.940!
C  2.318 -3.974  2.868!
H -0.276 -2.599  4.590!
H  2.764 -3.610  0.797!
H  1.648 -4.142  4.912!
H  3.164 -4.641  3.005!
Pd -1.079  0.049 -0.481!
C -2.338  1.605 -1.535!
C -2.738 -1.506 -0.100!
C -3.924 -0.904  0.347!
C -5.061 -0.695 -0.454!
H -3.948 -0.546  1.377!
C -3.454  1.050 -2.197!
C -4.743  1.035 -1.669!
H -3.277  0.523 -3.136!
H -4.978  1.736 -0.872!
H -5.579  0.799 -2.320!
H -2.778 -2.058 -1.038!
H -2.144 -1.997  0.666!
H -2.551  2.325 -0.746!
H -1.514  1.906 -2.180!
C -6.376 -0.354  0.136!
H -5.129 -1.334 -1.332!
C -6.509  0.474  1.269!
C -7.763  0.778  1.795!
C -8.925  0.276  1.200!
C -7.556 -0.841 -0.456!
C -8.812 -0.534  0.068!
H -9.705 -0.930 -0.409!
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H -9.901  0.517  1.610!
H -5.621  0.891  1.736!
H -7.835  1.418  2.672!
H -7.482 -1.476 -1.336!!
                                  1                            2                          3!
                                  A                            A                          A!
 Frequencies --  -401.9062                 9.0775                16.8480!
 Red. masses --    11.3597                 5.8178                 5.7333!
 !
ZERO-POINT CORRECTION= 0.816491 (HARTREE/PARTICLE)!
 !
Thermal correction to Energy=                    0.879865!
 Thermal correction to Enthalpy=                  0.880920!
 Thermal correction to Gibbs Free Energy=         0.709982!
 Sum of electronic and zero-point Energies=          -2892.080171!
 Sum of electronic and thermal Energies=             -2892.016797!
 Sum of electronic and thermal Enthalpies=           -2892.015742!
 Sum of electronic and thermal Free Energies=        -2892.186680!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000004        0.000450             YES!
 RMS     FORCE                  0.000000       0.000300             YES!
________________________________________!!
  !
(R)-3.83-TS3.H-Si B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P -0.988  1.775 -0.297!
C -2.382  2.929  1.929!
O -4.445 -2.006  0.599!
C -0.589  3.176 -2.684!
C -1.159  2.480  1.403!
C -0.001  2.600  2.187!
C -2.595  0.897 -0.602!
C -2.954 -0.238  0.158!
C -4.140 -0.935 -0.187!
C -4.926 -0.536 -1.272!
H -5.823 -1.080 -1.538!
C -4.547  0.580 -2.016!
H -5.159  0.897 -2.855!
C -3.399  1.292 -1.688!
H -3.128  2.160 -2.274!
C -5.629 -2.744  0.317!
H -6.523 -2.114  0.390!
H -5.679 -3.527  1.074!
H -5.587 -3.204 -0.677!
C -1.105  3.279 -1.380!
C -1.649  4.507 -0.972!
P -0.070 -1.704 -0.259!
C -2.109 -3.607 -0.913!
O -3.976  0.231  2.602!
C  2.387 -2.586  0.729!
C -1.250 -2.592 -1.369!
C -1.256 -2.266 -2.734!
C -1.010 -1.470  1.330!
C -2.209 -0.721  1.370!
C -2.810 -0.476  2.631!
C -2.228 -0.936  3.816!
H -2.688 -0.735  4.775!
C -1.044 -1.667  3.754!
H -0.593 -2.035  4.671!
C -0.441 -1.934  2.530!
H  0.475 -2.511  2.508!
C -4.641  0.500  3.831!
H -4.918 -0.426  4.350!
H -5.546  1.048  3.566!
H -4.024  1.118  4.493!
C  1.177 -3.015  0.157!
C  1.015 -4.384 -0.107!
C  3.391 -3.496  1.060!
C  3.214 -4.857  0.798!
C  2.026 -5.295  0.209!
H  0.103 -4.749 -0.565!
H  3.998 -5.568  1.042!
H  1.883 -6.350 -0.007!
H  2.540 -1.525  0.904!
H  4.317 -3.138  1.501!
C -2.087 -2.947 -3.627!
H -0.614 -1.469 -3.096!
C -2.936 -4.290 -1.806!
C -2.924 -3.963 -3.165!
H -2.141 -3.856  0.143!
H -3.589 -5.077 -1.441!
H -3.569 -4.496 -3.858!
H -2.079 -2.681 -4.680!
C -1.686  5.595 -1.847!
H -2.043  4.622  0.032!
C -0.638  4.258 -3.563!
C -1.185  5.474 -3.145!
H -2.106  6.539 -1.511!
H -1.214  6.322 -3.823!
H -0.137  2.239 -3.001!
H -0.238  4.156 -4.568!
C -0.057  3.172  3.459!
H  0.947  2.237  1.800!
C -1.276  3.626  3.968!
C -2.438  3.501  3.201!
H  0.848  3.258  4.053!
H -3.293  2.819  1.350!
H -1.322  4.071  4.958!
H -3.389  3.849  3.594!
Pd  0.993  0.412 -0.934!
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C  2.304 -0.684 -2.533!
C  2.334  2.232 -0.981!
C  3.379  1.708 -0.201!
C  4.685  1.404 -0.669!
H  3.163  1.512  0.849!
C  3.630 -0.919 -2.156!
C  4.660  0.019 -2.276!
H  2.559  2.500 -2.014!
H  1.637  2.915 -0.505!
H  1.659 -1.550 -2.636!
H  2.118  0.106 -3.263!
C  5.719  0.909  0.269!
H  5.078  2.102 -1.403!
H  4.536  0.792 -3.030!
H  5.686 -0.308 -2.136!
H  3.837 -1.832 -1.599!
C  5.413  0.092  1.375!
C  7.073  1.234  0.057!
C  8.074  0.776  0.913!
C  6.412 -0.362  2.236!
C  7.750 -0.025  2.011!
H  7.338  1.862 -0.791!
H  9.109  1.049  0.725!
H  8.527 -0.383  2.680!
H  4.382 -0.191  1.561!
H  6.144 -0.986  3.085!!
                                   1                           2                            3!
                                   A                           A                            A!
 Frequencies --  -436.6718                12.8778                19.2234!
 Red. masses --     9.3235                   5.7870                 5.6624!
 !
ZERO-POINT CORRECTION=  0.816159 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.879668!
 Thermal correction to Enthalpy=                  0.880723!
 Thermal correction to Gibbs Free Energy=         0.709512!
 Sum of electronic and zero-point Energies=          -2892.075125!
 Sum of electronic and thermal Energies=             -2892.011616!
 Sum of electronic and thermal Enthalpies=           -2892.010561!
 Sum of electronic and thermal Free Energies=        -2892.181772!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000001        0.000015             YES!
 RMS     FORCE                 0.000000        0.000010              YES!
________________________________________!!!!!!
  !
(R)-3.83-TS3.H-Re a!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P  0.057 -1.594 -0.049!
C -1.223 -3.873 -1.227!
O -4.774 -0.509  1.512!
C  2.139 -2.017  1.770!
C -0.540 -2.663 -1.435!
C -0.283 -2.248 -2.751!
C -1.329 -1.658  1.190!
C -2.576 -1.070  0.885!
C -3.584 -1.061  1.881!
C -3.351 -1.593  3.152!
H -4.121 -1.573  3.913!
C -2.112 -2.164  3.434!
H -1.930 -2.590  4.417!
C -1.112 -2.202  2.469!
H -0.163 -2.662  2.710!
C -5.837 -0.485  2.457!
H -6.113 -1.497  2.778!
H -6.683 -0.028  1.944!
H -5.579  0.117  3.336!
C  1.393 -2.612  0.734!
C  1.754 -3.900  0.310!
P -1.305  1.760 -0.091!
C -3.485  2.403  1.662!
O -4.178 -2.542 -0.692!
C -0.541  3.496 -2.148!
C -2.104  2.185  1.521!
C -1.276  2.339  2.643!
C -2.557  0.712 -0.982!
C -2.950 -0.546 -0.473!
C -3.817 -1.353 -1.252!
C -4.259 -0.937 -2.511!
H -4.911 -1.564 -3.106!
C -3.854  0.303 -2.998!
H -4.201  0.636 -3.973!
C -3.017  1.121 -2.247!
H -2.725  2.084 -2.646!
C -5.057 -3.397 -1.413!
H -6.018 -2.909 -1.615!
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H -5.223 -4.263 -0.771!
H -4.610 -3.728 -2.357!
C -1.368  3.370 -1.017!
C -2.159  4.467 -0.643!
C -0.527  4.671 -2.900!
C -1.325  5.754 -2.520!
C -2.134  5.649 -1.388!
H -2.796  4.408  0.232!
H -1.308  6.674 -3.097!
H -2.752  6.489 -1.080!
H  0.104  2.667 -2.428!
H  0.114  4.745 -3.774!
C -1.811  2.716  3.877!
H -0.209  2.159  2.551!
C -4.018  2.781  2.896!
C -3.183  2.939  4.005!
H -4.144  2.269  0.811!
H -5.087  2.953  2.990!
H -3.601  3.233  4.964!
H -1.156  2.831  4.737!
C  2.817 -4.578  0.915!
H  1.210 -4.382 -0.494!
C  3.184 -2.703  2.388!
C  3.529 -3.988  1.959!
H  3.082 -5.573  0.569!
H  4.351 -4.519  2.431!
H  1.895 -1.008  2.092!
H  3.734 -2.230  3.197!
C -0.686 -3.030 -3.836!
H  0.223 -1.303 -2.924!
C -1.353 -4.236 -3.617!
C -1.623 -4.656 -2.311!
H -0.481 -2.694 -4.848!
H -1.445 -4.202 -0.217!
H -1.666 -4.847 -4.460!
H -2.144 -5.593 -2.137!
Pd  0.943  0.741 -0.327!
C  1.932  2.677  0.275!
C  2.772 -0.082 -1.524!
C  3.970 -0.175 -0.807!
C  5.013  0.772 -0.856!
H  4.069 -1.012 -0.118!
C  3.208  2.975 -0.248!
C  4.419  2.476  0.234!
H  3.244  3.574 -1.160!
H  4.433  2.019  1.222!
H  5.334  2.998 -0.028!
H  2.265 -1.016 -1.741!
H  2.729  0.643 -2.337!
H  1.148  3.380  0.012!
H  1.911  2.360  1.322!
C  6.335  0.487 -0.250!
H  5.074  1.353 -1.773!
C  6.480 -0.256  0.938!
C  7.739 -0.493  1.490!
C  8.890  0.014  0.878!
C  7.504  0.999 -0.846!
C  8.763  0.765 -0.293!
H  9.647  1.168 -0.780!
H  9.869 -0.169  1.312!
H  5.598 -0.646  1.438!
H  7.822 -1.072  2.406!
H  7.418  1.581 -1.760!!
                                 1                             2                           3!
                                 A                             A                           A!
 Frequencies --  -420.6422                10.0428                14.7035!
 Red. masses --    10.7617                  5.8370                   5.8600!!
 ZERO-POINT CORRECTION= 0.815849 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.879572!
 Thermal correction to Enthalpy=                  0.880627!
 Thermal correction to Gibbs Free Energy=         0.707395!
 Sum of electronic and zero-point Energies=          -2892.076676!
 Sum of electronic and thermal Energies=             -2892.012954!
 Sum of electronic and thermal Enthalpies=           -2892.011899!
 Sum of electronic and thermal Free Energies=        -2892.185130!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000003     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!
  !
(R)-3.83-TS3.H-Re b!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.884  0.855 -0.305!
P  0.206 -1.514 -0.087!
C -1.088 -3.758 -1.307!
O -4.624 -0.692  1.675!
C  2.431 -1.940  1.547!
C -0.430 -2.531 -1.496!
C -0.232 -2.066 -2.805!
C -1.137 -1.649  1.196!
C -2.435 -1.150  0.940!
C -3.385 -1.165  1.992!
C -3.053 -1.638  3.265!
H -3.781 -1.635  4.066!
C -1.768 -2.125  3.496!
H -1.507 -2.505  4.480!
C -0.821 -2.134  2.477!
H  0.168 -2.525  2.680!
C -5.631 -0.690  2.680!
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H -5.831 -1.702  3.052!
H -6.529 -0.299  2.201!
H -5.357 -0.041  3.520!
C  1.579 -2.551  0.609!
C  1.846 -3.876  0.231!
P -1.402  1.712 -0.165!
C -3.531  2.341  1.645!
O -4.041 -2.753 -0.508!
C -0.786  3.406 -2.299!
C -2.152  2.137  1.470!
C -1.300  2.287  2.576!
C -2.647  0.586 -0.958!
C -2.923 -0.684 -0.403!
C -3.793 -1.554 -1.107!
C -4.349 -1.186 -2.336!
H -5.004 -1.861 -2.873!
C -4.058  0.069 -2.868!
H -4.497  0.362 -3.817!
C -3.221  0.948 -2.190!
H -3.014  1.920 -2.619!
C -4.920 -3.668 -1.151!
H -5.921 -3.239 -1.285!
H -4.986 -4.533 -0.490!
H -4.527 -3.986 -2.124!
C -1.555  3.292 -1.126!
C -2.347  4.384 -0.739!
C -0.828  4.564 -3.075!
C -1.624  5.643 -2.680!
C -2.377  5.550 -1.508!
H -2.940  4.334  0.167!
H -1.649  6.551 -3.276!
H -2.991  6.387 -1.188!
H -0.144  2.581 -2.594!
H -0.232  4.628 -3.981!
C -1.810  2.650  3.824!
H -0.236  2.109  2.458!
C -4.040  2.704  2.893!
C -3.181  2.861  3.984!
H -4.208  2.206  0.808!
H -5.108  2.864  3.013!
H -3.580  3.144  4.955!
H -1.138  2.761  4.670!
C  2.921 -4.574  0.789!
H  1.221 -4.372 -0.502!
C  3.489 -2.645  2.122!
C  3.740 -3.966  1.742!
H  3.114 -5.597  0.479!
H  4.571 -4.513  2.178!
H  2.264 -0.902  1.822!
H  4.124 -2.158  2.857!
C -0.663 -2.816 -3.902!
H  0.248 -1.106 -2.966!
C -1.300 -4.042 -3.703!
C -1.514 -4.510 -2.403!
H -0.503 -2.440 -4.908!
H -1.276 -4.122 -0.303!
H -1.634 -4.628 -4.555!
H -2.014 -5.461 -2.242!
C  2.740  0.313 -1.745!
C  1.774  2.812  0.223!
C  2.793  2.287  1.054!
C  4.171  2.308  0.780!
H  2.475  1.803  1.980!
C  3.928  0.052 -1.080!
C  4.900  1.035 -0.787!
H  2.092  3.358 -0.667!
H  0.910  3.262  0.706!
H  2.191 -0.525 -2.158!
H  2.646  1.248 -2.296!
H  4.841  1.970  1.565!
H  4.553  3.151  0.212!
H  4.900  1.878 -1.474!
C  6.249  0.689 -0.292!
H  4.062 -0.947 -0.670!
C  7.341  1.521 -0.608!
C  6.502 -0.434  0.522!
C  7.789 -0.718  0.978!
C  8.627  1.241 -0.147!
C  8.862  0.116  0.647!
H  9.449  1.901 -0.413!
H  9.862 -0.106  1.006!
H  5.683 -1.088  0.807!
H  7.954 -1.594  1.600!
H  7.173  2.397 -1.231!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -417.9827                13.2741                17.7137!
 Red. masses --     9.9883                  5.7853                   5.6025!!
 ZERO-POINT CORRECTION= 0.816017 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.879603!
 Thermal correction to Enthalpy=                  0.880658!
 Thermal correction to Gibbs Free Energy=         0.709177!
 Sum of electronic and zero-point Energies=          -2892.075569!
 Sum of electronic and thermal Energies=             -2892.011983!
 Sum of electronic and thermal Enthalpies=           -2892.010928!
 Sum of electronic and thermal Free Energies=        -2892.182409!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000008        0.000450             YES!
 RMS     FORCE                  0.000001        0.000300             YES!
________________________________________!!!!!
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  !
(R)-3.83-TS3.H-Re c!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.965  0.905 -0.110!
P -1.357  1.720 -0.045!
C -3.808  2.081  1.402!
O -3.662 -2.766 -1.309!
C -0.521  3.679 -1.861!
C -2.414  1.917  1.459!
C -1.782  1.943  2.712!
C -2.355  0.637 -1.180!
C -2.680 -0.687 -0.805!
C -3.338 -1.517 -1.746!
C -3.631 -1.059 -3.035!
H -4.120 -1.703 -3.755!
C -3.296  0.247 -3.386!
H -3.532  0.611 -4.382!
C -2.670  1.089 -2.473!
H -2.429  2.103 -2.768!
C -4.344 -3.644 -2.196!
H -5.304 -3.223 -2.519!
H -4.525 -4.559 -1.631!
H -3.735 -3.880 -3.076!
C -1.449  3.396 -0.841!
C -2.347  4.405 -0.461!
P  0.324 -1.529  0.040!
C -0.716 -3.915 -1.167!
O -4.779 -0.917  0.863!
C  2.251 -1.594  2.076!
C  0.078 -2.766 -1.319!
C  0.752 -2.570 -2.535!
C -1.225 -1.712  1.060!
C -2.465 -1.243  0.574!
C -3.608 -1.360  1.404!
C -3.517 -1.896  2.692!
H -4.391 -1.971  3.326!
C -2.281 -2.337  3.159!
H -2.205 -2.759  4.157!
C -1.148 -2.253  2.356!
H -0.202 -2.615  2.737!
C -5.972 -1.040  1.628!
H -6.182 -2.087  1.879!
H -6.773 -0.655  0.995!
H -5.922 -0.447  2.548!
C  1.605 -2.366  1.093!
C  1.967 -3.716  0.961!
C  3.208 -2.161  2.919!
C  3.557 -3.507  2.778!
C  2.939 -4.279  1.793!
H  1.493 -4.335  0.208!
H  4.307 -3.948  3.428!
H  3.208 -5.324  1.671!
H  2.001 -0.541  2.174!
H  3.687 -1.549  3.678!
C  0.644 -3.500 -3.570!
H  1.370 -1.689 -2.674!
C -0.822 -4.846 -2.202!
C -0.143 -4.642 -3.405!
H -1.256 -4.080 -0.240!
H -1.436 -5.733 -2.066!
H -0.227 -5.368 -4.209!
H  1.174 -3.332 -4.503!
C -2.326  5.653 -1.091!
H -3.064  4.228  0.332!
C -0.511  4.919 -2.500!
C -1.415  5.913 -2.115!
H -3.028  6.422 -0.777!
H -1.402  6.883 -2.603!
H  0.205  2.921 -2.141!
H  0.210  5.112 -3.290!
C -2.521  2.144  3.880!
H -0.709  1.791  2.772!
C -3.904  2.321  3.810!
C -4.546  2.286  2.569!
H -2.016  2.160  4.842!
H -4.319  2.039  0.445!
H -4.480  2.481  4.717!
H -5.623  2.419  2.509!
C  2.754  0.452 -1.501!
C  1.723  2.796  0.838!
C  3.084  2.664  1.208!
C  4.142  3.230  0.508!
H  3.317  2.021  2.057!
H  3.932  4.048 -0.176!
H  5.134  3.237  0.948!
C  3.569  1.564 -1.741!
C  4.796  1.916 -1.156!
H  3.146  2.329 -2.394!
C  5.749  1.002 -0.492!
H  5.294  2.753 -1.642!
H  1.485  3.598  0.140!
H  1.006  2.713  1.654!
H  3.195 -0.445 -1.076!
H  1.995  0.267 -2.261!
C  7.128  1.182 -0.729!
C  5.373 -0.031  0.390!
C  8.084  0.357 -0.138!
C  6.330 -0.857  0.981!
C  7.690 -0.674  0.719!
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H  6.006 -1.645  1.655!
H  8.432 -1.320  1.180!
H  7.448  1.979 -1.396!
H  9.138  0.520 -0.348!
H  4.329 -0.171  0.642!!
                                 1                            2                            3!
                                 A                            A                            A!
 Frequencies --  -348.1494                10.6606                19.9841!
 Red. masses --    11.1429                  5.7712                   5.4330!!
 ZERO-POINT CORRECTION= 0.816382 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.879811!
 Thermal correction to Enthalpy=                  0.880866!
 Thermal correction to Gibbs Free Energy=         0.709692!
 Sum of electronic and zero-point Energies=          -2892.074464!
 Sum of electronic and thermal Energies=             -2892.011035!
 Sum of electronic and thermal Enthalpies=           -2892.009980!
 Sum of electronic and thermal Free Energies=        -2892.181154!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000004        0.000450             YES!
 RMS     FORCE                  0.000001        0.000300             YES!
________________________________________!!
  !
(R)-3.83-TS1,1’!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.538  1.153 -0.480!
P  1.840  1.500  0.024!
C  4.460  1.202 -1.099!
O  2.706 -3.311  1.801!
C  1.400  3.615  1.823!
C  3.086  1.375 -1.333!
C  2.635  1.507 -2.655!
C  2.428  0.295  1.318!
C  2.418 -1.095  1.059!
C  2.709 -1.985  2.123!
C  2.989 -1.516  3.410!
H  3.198 -2.203  4.220!
C  3.014 -0.142  3.639!
H  3.253  0.232  4.631!
C  2.741  0.752  2.611!
H  2.774  1.814  2.818!
C  2.999 -4.260  2.820!
H  4.001 -4.108  3.237!
H  2.955 -5.238  2.337!
H  2.259 -4.223  3.627!
C  2.199  3.166  0.752!
C  3.136  4.061  0.209!
P -0.554 -1.256 -0.329!
C -0.488 -3.399  1.572!
O  4.616 -1.906 -0.215!
C -1.992 -1.592 -2.716!
C -0.824 -2.060  1.310!
C -1.439 -1.305  2.320!
C  1.044 -1.985 -0.955!
C  2.269 -1.720 -0.302!
C  3.470 -2.176 -0.905!
C  3.461 -2.860 -2.123!
H  4.384 -3.195 -2.580!
C  2.243 -3.123 -2.743!
H  2.225 -3.671 -3.681!
C  1.051 -2.696 -2.170!
H  0.119 -2.920 -2.672!
C  5.858 -2.329 -0.764!
H  5.898 -3.419 -0.880!
H  6.621 -2.016 -0.051!
H  6.051 -1.852 -1.732!
C -1.844 -2.059 -1.395!
C -2.748 -3.028 -0.931!
C -2.988 -2.098 -3.551!
C -3.878 -3.064 -3.076!
C -3.757 -3.522 -1.763!
H -2.669 -3.404  0.083!
H -4.662 -3.451 -3.720!
H -4.446 -4.270 -1.382!
H -1.316 -0.832 -3.095!
H -3.074 -1.729 -4.570!
C -1.722 -1.874  3.564!
H -1.691 -0.265  2.125!
C -0.772 -3.968  2.815!
C -1.389 -3.207  3.812!
H -0.001 -3.993  0.807!
H -0.513 -5.006  3.004!
H -1.608 -3.653  4.779!
H -2.198 -1.277  4.336!
C  3.283  5.348  0.730!
H  3.759  3.754 -0.624!
C  1.558  4.896  2.353!
C  2.500  5.770  1.807!
H  4.017  6.021  0.295!
H  2.619  6.770  2.212!
H  0.658  2.951  2.257!
H  0.938  5.212  3.188!
C  3.535  1.472 -3.723!
H  1.571  1.632 -2.842!
C  4.899  1.301 -3.479!
C  5.360  1.166 -2.166!
H  3.170  1.574 -4.741!
H  4.826  1.090 -0.084!
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H  5.601  1.273 -4.308!
H  6.421  1.037 -1.972!
C -2.456  1.930 -1.635!
C -1.426  3.347 -0.373!
C -2.641  4.028  0.099!
C -3.068  4.061  1.370!
H -3.235  4.549 -0.655!
H -2.525  3.557  2.167!
H -3.973  4.591  1.654!
C -3.582  1.196 -1.070!
C -4.797  1.725 -0.781!
H -3.401  0.144 -0.866!
H -0.915  3.872 -1.180!
H -0.750  3.191  0.473!
H -1.824  1.332 -2.306!
H -2.736  2.845 -2.152!
C -5.951  1.021 -0.218!
H -4.966  2.778 -0.999!
C -5.921 -0.332  0.186!
C -7.169  1.716 -0.069!
C -8.304  1.097  0.453!
C -7.055 -0.951  0.706!
C -8.255 -0.244  0.844!
H -5.004 -0.905  0.094!
H -7.003 -1.993  1.009!
H -9.227  1.661  0.554!
H -9.136 -0.730  1.252!
H -7.218  2.760 -0.371!
 !
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -403.5636                 6.4876                10.3859!
 Red. masses --     3.8470                  5.4216                 5.7136!
 !
ZERO-POINT CORRECTION= 0.815290 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.879469!
 Thermal correction to Enthalpy=                  0.880524!
 Thermal correction to Gibbs Free Energy=         0.704893!
 Sum of electronic and zero-point Energies=          -2892.051349!
 Sum of electronic and thermal Energies=             -2891.987170!
 Sum of electronic and thermal Enthalpies=           -2891.986115!
 Sum of electronic and thermal Free Energies=        -2892.161746!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000000        0.000015             YES!
 RMS     FORCE                  0.000000        0.000010             YES!
________________________________________!!!!!!!!!!!!!!!
Structures and Energies from Table 3.4!
  !
GS 3.6!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.787  0.814  1.159!
C  2.602  0.153  2.102!
P -0.026 -1.457  0.783!
O -0.030 -3.489 -1.103!
O -4.772 -0.551 -1.154!
O  0.500 -2.263  3.338!
C  0.511 -2.275 -0.738!
C  1.454 -1.901 -1.658!
H  2.043 -0.996 -1.624!
C  1.501 -2.935 -2.644!
H  2.130 -2.976 -3.521!
C  0.583 -3.866 -2.258!
H  0.262 -4.810 -2.674!
C -1.879 -1.577  0.804!
C -2.663 -1.058 -0.244!
C -4.074 -1.067 -0.106!
C -4.680 -1.576  1.047!
H -5.758 -1.583  1.149!
C -3.884 -2.076  2.075!
H -4.353 -2.470  2.972!
C -2.497 -2.076  1.964!
H -1.901 -2.463  2.780!
C -6.193 -0.519 -1.078!
H -6.615 -1.527 -0.989!
H -6.531 -0.068 -2.012!
H -6.535  0.093 -0.236!
C  0.477 -2.689  2.028!
C  0.925 -3.312  4.097!
H  0.992 -3.127  5.158!
C  1.182 -4.395  3.313!
H  1.537 -5.361  3.644!
C  0.890 -3.994  1.970!
H  0.964 -4.595  1.077!
P -1.057  1.740 -0.160!
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O -3.726  2.470  0.026!
O -2.878 -2.530 -2.505!
O  0.506  3.623 -1.369!
C -2.617  2.024  0.711!
C -2.925  1.892  2.039!
H -2.252  1.546  2.809!
C -4.294  2.277  2.186!
H -4.876  2.296  3.096!
C -4.727  2.614  0.938!
H -5.670  2.965  0.548!
C -1.469  0.717 -1.654!
C -2.097 -0.537 -1.530!
C -2.263 -1.330 -2.693!
C -1.812 -0.883 -3.938!
H -1.941 -1.491 -4.825!
C -1.186  0.359 -4.035!
H -0.835  0.707 -5.002!
C -1.010  1.154 -2.908!
H -0.514  2.111 -3.008!
C -3.086 -3.374 -3.631!
H -3.723 -2.893 -4.383!
H -3.589 -4.263 -3.249!
H -2.136 -3.667 -4.094!
C -0.753  3.396 -0.856!
C  0.545  4.919 -1.789!
H  1.478  5.244 -2.225!
C -0.648  5.532 -1.553!
H -0.899  6.559 -1.779!
C -1.491  4.546 -0.949!
H -2.516  4.669 -0.635!
C  1.405  2.758  1.838!
C  0.708  3.019  3.111!
H  1.106  3.450  1.049!
H  2.492  2.775  1.949!
C  1.256  3.041  4.341!
H -0.365  3.206  3.034!
C  3.679  0.390  1.135!
H  2.491 -0.885  2.413!
H  2.668  0.798  2.980!
C  4.423 -0.506  0.425!
H  3.912  1.442  0.975!
C  5.437 -0.036 -0.549!
C  4.308 -2.001  0.627!
C  6.549 -0.836 -0.888!
C  5.334  1.218 -1.193!
C  6.302  1.658 -2.093!
C  7.518 -0.397 -1.792!
C  7.406  0.856 -2.398!
H  8.365 -1.038 -2.020!
H  8.157  1.196 -3.105!
H  6.669 -1.811 -0.428!
H  4.468  1.845 -1.003!
H  6.186  2.628 -2.571!
H  0.657  3.221  5.229!
H  2.322  2.884  4.493!
H  4.270 -2.534 -0.330!
H  3.413 -2.269  1.190!
H  5.170 -2.403  1.179!!!!
                                  1                          2                           3!
                                  A                          A                           A!
 Frequencies --     8.1110                10.2300                18.4193!
 Red. masses --     6.1703                 6.0706                 6.0566!
 !
ZERO-POINT CORRECTION=  0.723508 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.785613!
 Thermal correction to Enthalpy=                  0.786668!
 Thermal correction to Gibbs Free Energy=         0.615473!
 Sum of electronic and zero-point Energies=          -2922.610382!
 Sum of electronic and thermal Energies=             -2922.548277!
 Sum of electronic and thermal Enthalpies=           -2922.547222!
 Sum of electronic and thermal Free Energies=        -2922.718418!!
         ITEM                             VALUE     THRESHOLD  
CONVERGED?!
 MAXIMUM FORCE            0.000011         0.000450             YES!
 RMS     FORCE                  0.000001         0.000300            YES!
________________________________________!!
  !
TS3,3’ 3.6!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.958  0.228 -0.215!
P  0.534 -1.730 -0.064!
O  1.995 -3.392  1.622!
O  5.065  0.695 -0.864!
O -0.974 -3.071 -1.894!
C  1.062 -2.380  1.544!
C  0.652 -2.049  2.809!
H -0.063 -1.278  3.059!
C  1.364 -2.896  3.714!
H  1.293 -2.912  4.792!
C  2.162 -3.685  2.941!
H  2.871 -4.469  3.163!
C  2.099 -1.413 -1.011!
C  3.065 -0.500 -0.541!
C  4.166 -0.190 -1.379!
C  4.292 -0.764 -2.647!
H  5.134 -0.523 -3.284!
C  3.319 -1.658 -3.093!
H  3.417 -2.107 -4.077!
C  2.232 -1.981 -2.289!
H  1.487 -2.676 -2.657!
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C  6.175  1.083 -1.666!
H  6.813  0.227 -1.915!
H  6.744  1.792 -1.064!
H  5.848  1.573 -2.591!
C -0.123 -3.253 -0.823!
C -1.405 -4.302 -2.286!
H -2.080 -4.319 -3.127!
C -0.866 -5.270 -1.493!
H -1.038 -6.335 -1.570!
C -0.034 -4.593 -0.547!
H  0.563 -5.038  0.235!
P  0.882  1.803  0.035!
O  2.811  3.261 -1.340!
O  4.725 -1.423  1.378!
O -0.652  3.314  1.698!
C  1.744  2.394 -1.447!
C  1.503  2.139 -2.772!
H  0.736  1.483 -3.157!
C  2.466  2.884 -3.522!
H  2.575  2.921 -4.596!
C  3.230  3.541 -2.605!
H  4.069  4.216 -2.684!
C  2.215  1.208  1.178!
C  3.040  0.121  0.824!
C  3.952 -0.378  1.787!
C  4.031  0.183  3.065!
H  4.727 -0.203  3.798!
C  3.198  1.251  3.396!
H  3.259  1.689  4.388!
C  2.296  1.761  2.468!
H  1.659  2.592  2.746!
C  5.671 -1.968  2.290!
H  6.412 -1.221  2.597!
H  6.174 -2.773  1.753!
H  5.181 -2.380  3.180!
C  0.360  3.390  0.764!
C -0.946  4.586  2.084!
H -1.724  4.685  2.825!
C -0.161  5.479  1.419!
H -0.181  6.555  1.521!
C  0.687  4.705  0.565!
H  1.449  5.073 -0.105!
C -2.163  1.837 -1.205!
C -2.691 -1.104  0.620!
C -3.939 -0.485  0.707!
C -4.974 -0.556 -0.252!
H -4.102  0.160  1.569!
C -4.863 -1.632 -1.318!
C -6.347 -0.156  0.181!
C -3.206  1.227 -1.942!
C -4.534  1.186 -1.527!
H -2.936  0.716 -2.867!
H -4.858  1.893 -0.771!
H -5.303  0.901 -2.240!
H -2.576 -1.961 -0.035!
H -2.125 -1.169  1.548!
H -2.459  2.521 -0.409!
H -1.328  2.207 -1.798!
H -5.039 -2.634 -0.903!
H -3.865 -1.629 -1.761!
H -5.581 -1.479 -2.129!
C -6.565  0.937  1.049!
C -7.488 -0.854 -0.261!
C -8.773 -0.489  0.149!
C -7.845  1.301  1.459!
C -8.963  0.590  1.012!
H -9.627 -1.058 -0.209!
H -9.962  0.875  1.329!
H -7.377 -1.706 -0.922!
H -5.719  1.520  1.402!
H -7.971  2.150  2.126!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -362.1616                10.8408                14.3521!
 Red. masses --    10.1572                 6.0517                  6.3391!!
 ZERO-POINT CORRECTION= 0.722591 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.783915!
 Thermal correction to Enthalpy=                  0.784970!
 Thermal correction to Gibbs Free Energy=         0.616842!
 Sum of electronic and zero-point Energies=          -2922.587111!
 Sum of electronic and thermal Energies=             -2922.525787!
 Sum of electronic and thermal Enthalpies=           -2922.524732!
 Sum of electronic and thermal Free Energies=        -2922.692860!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000000         0.000450            YES!
 RMS     FORCE                  0.000000         0.000300           YES!
________________________________________!!!!!!!!!!!!!!!!!
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  !
GS 3.89!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.970  0.841  0.695!
C  2.713  0.301  1.837!
P -0.151 -1.309  1.111!
O -0.524 -3.793 -0.065!
O -4.915 -0.320 -0.732!
O  0.479 -1.445  3.768!
C  0.147 -2.592 -0.128!
C  1.019 -2.613 -1.184!
H  1.668 -1.803 -1.482!
C  0.880 -3.892 -1.809!
H  1.410 -4.260 -2.676!
C -0.066 -4.561 -1.092!
H -0.503 -5.545 -1.174!
C -1.994 -1.150  1.276!
C -2.808 -0.857  0.166!
C -4.185 -0.598  0.383!
C -4.729 -0.633  1.670!
H -5.781 -0.437  1.833!
C -3.902 -0.921  2.755!
H -4.323 -0.949  3.756!
C -2.548 -1.174  2.568!
H -1.926 -1.385  3.428!
C -6.306 -0.055 -0.589!
H -6.837 -0.912 -0.159!
H -6.679  0.131 -1.597!
H -6.483  0.831  0.032!
C  0.331 -2.202  2.625!
C  0.887 -2.285  4.761!
H  1.041 -1.830  5.727!
C  1.014 -3.556  4.288!
H  1.326 -4.424  4.850!
C  0.653 -3.504  2.904!
H  0.623 -4.328  2.207!
P -0.845  1.538 -0.788!
O -3.374  2.667 -0.666!
O -3.450 -2.915 -1.458!
O  0.774  2.665 -2.677!
C -2.243  2.329  0.043!
C -2.388  2.725  1.347!
H -1.661  2.583  2.132!
C -3.675  3.339  1.451!
H -4.129  3.767  2.333!
C -4.226  3.274  0.205!
H -5.168  3.600 -0.208!
C -1.552  0.169 -1.823!
C -2.321 -0.863 -1.252!
C -2.712 -1.951 -2.073!
C -2.347 -2.003 -3.421!
H -2.649 -2.834 -4.046!
C -1.581 -0.972 -3.962!
H -1.295 -1.011 -5.009!
C -1.180  0.103 -3.176!
H -0.576  0.884 -3.618!
C -3.866 -4.045 -2.218!
H -4.515 -3.754 -3.053!
H -4.427 -4.677 -1.529!
H -3.006 -4.605 -2.605!
C -0.425  2.817 -2.016!
C  0.920  3.740 -3.504!
H  1.822  3.756 -4.097!
C -0.145  4.580 -3.385!
H -0.293  5.509 -3.915!
C -1.019  3.983 -2.422!
H -1.971  4.362 -2.082!
C  1.951  2.738  0.552!
C  1.531  3.587  1.684!
H  1.636  3.148 -0.409!
H  3.026  2.553  0.532!
C  2.282  3.960  2.739!
H  0.496  3.940  1.658!
C  3.651 -0.344  0.916!
H  2.328 -0.380  2.596!
H  3.103  1.207  2.302!
C  4.797  0.197  0.427!
H  3.377 -1.350  0.595!
C  5.725 -0.408 -0.530!
H  5.082  1.189  0.779!
C  6.907  0.286 -0.870!
C  5.516 -1.663 -1.144!
C  6.441 -2.190 -2.041!
C  7.831 -0.242 -1.770!
C  7.606 -1.486 -2.363!
H  8.730  0.321 -2.008!
H  8.324 -1.900 -3.065!
H  7.094  1.256 -0.414!
H  4.618 -2.231 -0.919!
H  6.250 -3.159 -2.497!
C  1.800  4.804  3.885!
H  3.325  3.640  2.779!
H  2.396  5.721  3.995!
H  1.877  4.272  4.844!
H  0.754  5.099  3.751!!!
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                                  1                          2                            3!
                                  A                          A                            A!
 Frequencies --     7.7735                12.1856                17.2224!
 Red. masses --     6.0466                 5.9485                 6.0012!!
 ZERO-POINT CORRECTION= 0.723520 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.785765!
 Thermal correction to Enthalpy=                  0.786820!
 Thermal correction to Gibbs Free Energy=         0.613584!
 Sum of electronic and zero-point Energies=          -2922.616194!
 Sum of electronic and thermal Energies=             -2922.553950!
 Sum of electronic and thermal Enthalpies=           -2922.552895!
 Sum of electronic and thermal Free Energies=        -2922.726130!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE             0.000003        0.000450              YES!
 RMS     FORCE                  0.000000        0.000300               YES!
________________________________________!!!!!!
  !
TS3,3’ 3.89!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.945  0.283 -0.641!
P -0.927  1.807 -0.210!
O -2.296  3.161  1.799!
O -4.856 -1.591 -0.107!
O -0.145  3.397 -2.276!
C -1.214  2.364  1.492!
C -0.474  2.153  2.626!
H  0.425  1.557  2.690!
C -1.130  2.852  3.687!
H -0.828  2.904  4.724!
C -2.226  3.440  3.130!
H -3.016  4.062  3.523!
C -2.559  1.149 -0.797!
C -3.157  0.034 -0.176!
C -4.325 -0.518 -0.757!
C -4.873  0.022 -1.925!
H -5.765 -0.403 -2.368!
C -4.260  1.120 -2.526!
H -4.686  1.542 -3.431!
C -3.113  1.681 -1.974!
H -2.651  2.533 -2.457!
C -6.030 -2.196 -0.636!
H -6.870 -1.492 -0.663!
H -6.271 -3.018  0.039!
H -5.857 -2.594 -1.643!
C -0.776  3.419 -1.050!
C -0.066  4.683 -2.716!
H  0.404  4.824 -3.677!
C -0.618  5.534 -1.806!
H -0.688  6.609 -1.889!
C -1.080  4.715 -0.727!
H -1.581  5.042  0.172!
P -0.404 -1.693 -0.202!
O -2.307 -3.405 -1.282!
O -4.496  0.545  2.109!
O  1.675 -2.984  0.998!
C -1.433 -2.370 -1.534!
C -1.486 -2.050 -2.865!
H -0.920 -1.268 -3.350!
C -2.439 -2.929 -3.468!
H -2.738 -2.961 -4.505!
C -2.904 -3.725 -2.463!
H -3.623 -4.529 -2.425!
C -1.559 -1.417  1.224!
C -2.674 -0.562  1.114!
C -3.429 -0.284  2.282!
C -3.077 -0.834  3.518!
H -3.656 -0.617  4.407!
C -1.964 -1.670  3.603!
H -1.689 -2.099  4.562!
C -1.209 -1.960  2.473!
H -0.345 -2.607  2.563!
C -5.281  0.892  3.244!
H -5.748  0.010  3.698!
H -6.060  1.561  2.875!
H -4.683  1.415  3.999!
C  0.516 -3.193  0.279!
C  2.245 -4.203  1.213!
H  3.167 -4.198  1.775!
C  1.495 -5.187  0.645!
H  1.710 -6.246  0.653!
C  0.374 -4.535  0.041!
H -0.441 -4.999 -0.494!
C  2.306 -0.985 -1.985!
C  2.428  1.957 -0.235!
C  3.484  1.250  0.360!
C  4.755  1.049 -0.226!
H  3.314  0.842  1.355!
C  3.420 -0.280 -2.455!
C  4.699 -0.349 -1.889!
H  3.262  0.444 -3.258!
H  4.883 -1.202 -1.237!
C  5.898  0.114 -2.686!
H  2.627  2.486 -1.166!
H  1.756  2.487  0.434!
H  2.496 -1.858 -1.363!
H  1.469 -1.097 -2.674!
C  5.850  0.492  0.599!
H  5.070  1.822 -0.922!
C  5.641 -0.600  1.467!
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C  6.677 -1.110  2.246!
C  7.959 -0.555  2.174!
C  7.149  1.033  0.534!
C  8.189  0.518  1.310!
H  9.179  0.962  1.244!
H  8.767 -0.957  2.778!
H  4.655 -1.053  1.518!
H  6.487 -1.952  2.908!
H  7.336  1.880 -0.121!
H  6.757  0.339 -2.046!
H  5.663  1.011 -3.270!
H  6.221 -0.661 -3.394!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -391.4001                 8.9269                13.0622!
 Red. masses --     9.0631                   6.1003                 6.2120!!
 ZERO-POINT CORRECTION= 0.722280 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.783724!
 Thermal correction to Enthalpy=                  0.784779!
 Thermal correction to Gibbs Free Energy=         0.615855!
 Sum of electronic and zero-point Energies=          -2922.592023!
 Sum of electronic and thermal Energies=             -2922.530580!
 Sum of electronic and thermal Enthalpies=           -2922.529525!
 Sum of electronic and thermal Free Energies=        -2922.698448!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000018       0.000450              YES!
 RMS     FORCE                  0.000002       0.000300              YES!
________________________________________!!!!!!!!!!!!!!
  !
GS 3.90!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.011 -1.321  0.018!
C  0.985 -2.916 -1.044!
P  0.751  0.372 -1.579!
O  2.754  2.191 -2.158!
O -1.598  4.581  0.369!
O -0.137 -1.075 -3.719!
C  2.392  1.106 -1.389!
C  3.448  0.735 -0.600!
H  3.456 -0.092  0.096!
C  4.519  1.636 -0.894!
H  5.507  1.644 -0.457!
C  4.042  2.494 -1.839!
H  4.471  3.333 -2.366!
C -0.441  1.791 -1.663!
C -0.538  2.728 -0.616!
C -1.558  3.709 -0.676!
C -2.455  3.750 -1.747!
H -3.233  4.502 -1.790!
C -2.345  2.807 -2.768!
H -3.042  2.836 -3.600!
C -1.353  1.833 -2.731!
H -1.295  1.106 -3.532!
C -2.609  5.583  0.382!
H -2.522  6.257 -0.478!
H -2.453  6.151  1.300!
H -3.611  5.139  0.397!
C  0.847 -0.205 -3.305!
C  0.142 -1.418 -5.008!
H -0.553 -2.099 -5.475!
C  1.280 -0.799 -5.430!
H  1.740 -0.891 -6.404!
C  1.738 -0.011 -4.327!
H  2.609  0.627 -4.297!
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P -0.729  0.394  1.595!
O -2.801  2.106  2.253!
O  1.342  4.668 -0.513!
O  0.324 -1.000  3.688!
C -2.412  1.044  1.464!
C -3.468  0.637  0.694!
H -3.456 -0.180 -0.012!
C -4.569  1.489  1.022!
H -5.566  1.459  0.607!
C -4.107  2.357  1.966!
H -4.560  3.171  2.512!
C  0.380  1.882  1.623!
C  0.415  2.783  0.540!
C  1.363  3.835  0.562!
C  2.252  3.978  1.632!
H  2.976  4.784  1.647!
C  2.206  3.069  2.688!
H  2.896  3.179  3.519!
C  1.284  2.028  2.688!
H  1.270  1.332  3.518!
C  2.261  5.753 -0.555!
H  2.109  6.443  0.284!
H  2.063  6.276 -1.491!
H  3.299  5.400 -0.551!
C -0.715 -0.172  3.326!
C  0.131 -1.345  4.992!
H  0.877 -1.995  5.422!
C -1.005 -0.769  5.474!
H -1.406 -0.873  6.473!
C -1.555 -0.006  4.395!
H -2.450  0.597  4.411!
C -0.961 -2.903  1.105!
C -2.138 -3.244  0.303!
H -1.214 -2.558  2.109!
H -0.225 -3.708  1.155!
C -3.424 -2.937  0.613!
H -1.942 -3.783 -0.624!
C  2.183 -3.212 -0.255!
H  1.209 -2.592 -2.061!
H  0.267 -3.738 -1.059!
C  3.455 -2.874 -0.589!
H  2.015 -3.744  0.682!
C  4.670 -3.122  0.188!
C  5.924 -2.815 -0.385!
C  4.671 -3.658  1.495!
C  5.861 -3.883  2.181!
C  7.115 -3.038  0.304!
C  7.094 -3.577  1.592!
H  8.063 -2.792 -0.168!
H  8.019 -3.752  2.132!
H  5.953 -2.399 -1.389!
H  3.729 -3.895  1.981!
H  5.829 -4.297  3.186!
C -4.620 -3.223 -0.181!
C -5.890 -2.944  0.368!
C -4.585 -3.765 -1.485!
C -7.064 -3.199 -0.338!
C -5.758 -4.022 -2.190!
C -7.007 -3.743 -1.624!
H -5.946 -2.522  1.369!
H -7.919 -3.943 -2.179!
H -8.025 -2.973  0.116!
H -3.630 -3.981 -1.955!
H -5.699 -4.440 -3.192!
H  3.613 -2.372 -1.543!
H -3.610 -2.429  1.559!!
                                 1                           2                           3!
                                 A                           A                           A!
 Frequencies --     7.6804                13.8369                14.2759!
 Red. masses --     6.3645                 6.0458                 6.1045!!
 ZERO-POINT CORRECTION= 0.776603 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.842697!
 Thermal correction to Enthalpy=                  0.843752!
 Thermal correction to Gibbs Free Energy=         0.661198!
 Sum of electronic and zero-point Energies=          -3114.310616!
 Sum of electronic and thermal Energies=             -3114.244522!
 Sum of electronic and thermal Enthalpies=           -3114.243467!
 Sum of electronic and thermal Free Energies=        -3114.426022!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000015        0.000450            YES!
 RMS     FORCE                  0.000002        0.000300           YES!
________________________________________!!
  !
TS3,3’ 3.90!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.488  0.305 -0.207!
P -1.382  1.817  0.173!
O -3.013  2.909  2.144!
O -5.344 -1.356 -0.925!
O -0.209  3.676 -1.429!
C -1.932  2.095  1.880!
C -1.422  1.628  3.063!
H -0.583  0.955  3.165!
C -2.223  2.180  4.110!
H -2.111  2.026  5.174!
C -3.170  2.945  3.496!
H -3.986  3.551  3.859!
C -2.917  1.354 -0.759!
C -3.618  0.170 -0.452!
C -4.705 -0.207 -1.279!
C -5.071  0.568 -2.384!
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H -5.901  0.276 -3.017!
C -4.357  1.729 -2.674!
H -4.642  2.333 -3.531!
C -3.288  2.122 -1.875!
H -2.747  3.029 -2.116!
C -6.439 -1.799 -1.717!
H -7.254 -1.065 -1.727!
H -6.791 -2.721 -1.251!
H -6.129 -2.011 -2.747!
C -1.055  3.532 -0.349!
C -0.040  5.010 -1.639!
H  0.601  5.280 -2.465!
C -0.744  5.731 -0.721!
H -0.788  6.808 -0.645!
C -1.404  4.774  0.113!
H -2.061  4.975  0.945!
P -0.928 -1.651 -0.457!
O -2.695 -3.000 -2.125!
O -5.241  0.305  1.697!
O  0.978 -3.260  0.644!
C -1.772 -1.980 -2.029!
C -1.626 -1.390 -3.257!
H -0.982 -0.553 -3.484!
C -2.499 -2.077 -4.157!
H -2.646 -1.878 -5.209!
C -3.121 -3.038 -3.417!
H -3.854 -3.796 -3.649!
C -2.266 -1.606  0.826!
C -3.332 -0.686  0.747!
C -4.234 -0.601  1.837!
C -4.073 -1.402  2.972!
H -4.765 -1.332  3.802!
C -3.008 -2.300  3.030!
H -2.882 -2.925  3.909!
C -2.110 -2.403  1.974!
H -1.288 -3.106  2.041!
C -6.179  0.452  2.757!
H -6.724 -0.480  2.947!
H -6.882  1.219  2.429!
H -5.690  0.782  3.681!
C -0.125 -3.267 -0.186!
C  1.465 -4.531  0.682!
H  2.336 -4.682  1.301!
C  0.716 -5.354 -0.103!
H  0.876 -6.411 -0.266!
C -0.315 -4.537 -0.665!
H -1.104 -4.846 -1.333!
C  2.026 -0.653 -1.718!
C  1.907  1.684  0.899!
C  2.797  0.707  1.357!
C  4.150  0.585  0.933!
H  2.445  0.028  2.132!
C  3.169  0.128 -1.779!
C  4.358 -0.159 -1.064!
H  3.125  1.047 -2.362!
H  4.449 -1.192 -0.732!
C  5.642  0.449 -1.477!
H  2.280  2.454  0.226!
H  1.143  2.030  1.590!
H  2.106 -1.661 -1.318!
H  1.268 -0.513 -2.485!
C  5.056 -0.306  1.692!
H  4.611  1.519  0.620!
C  4.642 -1.578  2.137!
C  5.502 -2.402  2.862!
C  6.805 -1.984  3.154!
C  6.375  0.091  1.981!
C  7.236 -0.733  2.706!
H  8.246 -0.396  2.923!
H  7.474 -2.627  3.718!
H  3.639 -1.923  1.903!
H  5.157 -3.377  3.197!
H  6.719  1.064  1.641!
C  5.740  1.790 -1.901!
C  6.827 -0.309 -1.435!
C  8.052  0.237 -1.822!
C  8.127  1.563 -2.255!
C  6.962  2.336 -2.289!
H  9.079  1.990 -2.556!
H  7.007  3.372 -2.615!
H  6.780 -1.343 -1.104!
H  8.948 -0.376 -1.786!
H  4.850  2.413 -1.922!!
                                  1                            2                          3!
                                  A                            A                          A!
 Frequencies --  -370.6500                 8.9657                13.0828!
 Red. masses --    10.9148                 6.0021                 5.9060!!
 ZERO-POINT CORRECTION= 0.775519 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.840993!
 Thermal correction to Enthalpy=                  0.842048!
 Thermal correction to Gibbs Free Energy=         0.662960!
 Sum of electronic and zero-point Energies=          -3114.281630!
 Sum of electronic and thermal Energies=             -3114.216156!
 Sum of electronic and thermal Enthalpies=           -3114.215101!
 Sum of electronic and thermal Free Energies=        -3114.394189!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000020         0.000450             YES!
 RMS     FORCE                  0.000002         0.000300            YES!
________________________________________!!
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  !
GS 3.91!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.778  1.017  0.808!
C  2.612  0.644  1.869!
P -0.064 -1.258  1.110!
O -0.130 -3.756 -0.101!
O -4.817 -0.786 -0.961!
O  0.516 -1.286  3.779!
C  0.434 -2.500 -0.105!
C  1.387 -2.430 -1.086!
H  1.995 -1.565 -1.308!
C  1.413 -3.708 -1.726!
H  2.043 -4.017 -2.548!
C  0.476 -4.467 -1.091!
H  0.136 -5.485 -1.215!
C -1.920 -1.299  1.182!
C -2.709 -1.090  0.035!
C -4.115 -0.994  0.186!
C -4.712 -1.104  1.445!
H -5.786 -1.032  1.558!
C -3.910 -1.304  2.568!
H -4.372 -1.389  3.547!
C -2.528 -1.398  2.445!
H -1.926 -1.544  3.333!
C -6.234 -0.673 -0.884!
H -6.691 -1.587 -0.486!
H -6.576 -0.515 -1.907!
H -6.534  0.182 -0.266!
C  0.424 -2.084  2.660!
C  0.914 -2.081  4.812!
H  1.028 -1.590  5.766!
C  1.087 -3.364  4.387!
H  1.404 -4.204  4.988!
C  0.768 -3.368  2.992!
H  0.779 -4.214  2.321!
P -1.024  1.536 -0.759!
O -3.647  2.417 -0.926!
O -3.021 -3.177 -1.659!
O  0.686  2.831 -2.439!
C -2.581  2.169 -0.088!
C -2.929  2.494  1.196!
H -2.297  2.389  2.066!
C -4.277  2.969  1.153!
H -4.878  3.312  1.982!
C -4.659  2.898 -0.154!
H -5.572  3.144 -0.675!
C -1.488  0.119 -1.866!
C -2.154 -1.012 -1.356!
C -2.369 -2.119 -2.214!
C -1.926 -2.097 -3.540!
H -2.091 -2.944 -4.194!
C -1.264 -0.969 -4.021!
H -0.920 -0.950 -5.051!
C -1.040  0.130 -3.198!
H -0.517  0.990 -3.594!
C -3.262 -4.327 -2.462!
H -3.893 -4.090 -3.326!
H -3.785 -5.036 -1.818!
H -2.324 -4.777 -2.809!
C -0.596  2.858 -1.936!
C  0.825  3.914 -3.254!
H  1.787  4.024 -3.730!
C -0.327  4.640 -3.282!
H -0.502  5.549 -3.838!
C -1.251  3.956 -2.429!
H -2.272  4.234 -2.216!
C  1.386  3.076  0.932!
C  0.828  3.643  2.176!
H  0.978  3.561  0.044!
H  2.477  3.125  0.904!
C  1.510  3.984  3.287!
H -0.254  3.796  2.188!
C  3.653  0.557  0.841!
H  2.502 -0.248  2.484!
H  2.713  1.524  2.506!
C  4.365 -0.525  0.413!
H  3.885  1.507  0.360!
C  5.345 -0.392 -0.691!
C  4.251 -1.883  1.070!
C  6.441 -1.275 -0.803!
C  5.224  0.603 -1.687!
C  6.162  0.730 -2.709!
C  7.379 -1.151 -1.829!
C  7.251 -0.145 -2.788!
H  8.215 -1.844 -1.875!
H  7.978 -0.050 -3.590!
H  6.573 -2.063 -0.068!
H  4.369  1.271 -1.673!
H  6.033  1.506 -3.459!
C  0.892  4.536  4.541!
H  2.595  3.867  3.294!
H  1.087  3.892  5.410!
H -0.194  4.639  4.440!
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H  1.300  5.525  4.795!
H  4.177 -2.685  0.327!
H  3.376 -1.950  1.717!
H  5.130 -2.107  1.691!!
                                  1                          2                           3!
                                  A                          A                           A!
 Frequencies --     7.2125                12.2770                20.4200!
 Red. masses --     5.9620                6.0465                  6.0096!!
 ZERO-POINT CORRECTION= 0.751572 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.815544!
 Thermal correction to Enthalpy=                  0.816599!
 Thermal correction to Gibbs Free Energy=         0.640977!
 Sum of electronic and zero-point Energies=          -2961.902613!
 Sum of electronic and thermal Energies=             -2961.838641!
 Sum of electronic and thermal Enthalpies=           -2961.837586!
 Sum of electronic and thermal Free Energies=        -2962.013208!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000005        0.000450             YES!
 RMS     FORCE                  0.000001       0.000300              YES!
________________________________________!!
  !
TS3,3’ 3.91!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.860  0.241 -0.080!
P  0.619 -1.724 -0.056!
O  2.163 -3.415  1.522!
O  5.126  0.696 -0.994!
O -0.986 -3.024 -1.831!
C  1.219 -2.410  1.512!
C  0.857 -2.121  2.801!
H  0.145 -1.365  3.102!
C  1.612 -2.987  3.652!
H  1.585 -3.035  4.731!
C  2.386 -3.745  2.824!
H  3.111 -4.527  2.994!
C  2.144 -1.394 -1.060!
C  3.136 -0.499 -0.611!
C  4.200 -0.173 -1.489!
C  4.268 -0.717 -2.775!
H  5.082 -0.464 -3.443!
C  3.271 -1.595 -3.199!
H  3.323 -2.021 -4.197!
C  2.218 -1.932 -2.357!
H  1.453 -2.614 -2.708!
C  6.204  1.094 -1.833!
H  6.825  0.239 -2.126!
H  6.803  1.786 -1.240!
H  5.843  1.606 -2.733!
C -0.075 -3.231 -0.815!
C -1.436 -4.246 -2.229!
H -2.158 -4.243 -3.031!
C -0.851 -5.233 -1.494!
H -1.025 -6.295 -1.589!
C  0.032 -4.577 -0.579!
H  0.673 -5.040  0.156!
P  0.993  1.800  0.125!
O  2.878  3.223 -1.348!
O  4.876 -1.477  1.207!
O -0.396  3.331  1.894!
C  1.783  2.387 -1.398!
C  1.455  2.153 -2.707!
H  0.648  1.520 -3.049!
C  2.391  2.879 -3.508!
H  2.436  2.925 -4.587!
C  3.228  3.505 -2.633!
H  4.078  4.158 -2.758!
C  2.377  1.171  1.187!
C  3.177  0.089  0.769!
C  4.130 -0.438  1.676!
C  4.271  0.091  2.962!
H  4.999 -0.317  3.653!
C  3.461  1.155  3.357!
H  3.571  1.569  4.356!
C  2.521  1.692  2.485!
H  1.902  2.518  2.813!
C  5.867 -2.043  2.058!
H  6.623 -1.302  2.344!
H  6.341 -2.835  1.478!
H  5.421 -2.474  2.962!
C  0.549  3.394  0.892!
C -0.645  4.608  2.299!
H -1.368  4.717  3.093!
C  0.104  5.490  1.581!
H  0.106  6.566  1.684!
C  0.879  4.705  0.670!
H  1.599  5.063 -0.051!
C -2.146  1.877 -0.971!
C -2.576 -1.081  0.837!
C -3.810 -0.445  0.882!
C -4.845 -0.563 -0.085!
H -3.975  0.244  1.708!
C -3.140  1.259 -1.750!
C -4.499  1.157 -1.400!
H -2.835  0.832 -2.707!
H -4.825  1.832 -0.613!
C -5.514  0.964 -2.508!
H -2.455 -1.960  0.214!
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H -1.992 -1.085  1.756!
H -2.470  2.489 -0.130!
H -1.313  2.306 -1.524!
C -6.224 -0.225  0.383!
C -6.476  0.888  1.215!
C -7.760  1.193  1.661!
C -8.849  0.398  1.290!
C -7.338 -1.008  0.018!
C -8.626 -0.704  0.465!
H -9.457 -1.338  0.166!
H -9.850  0.636  1.637!
H -5.655  1.533  1.515!
H -7.911  2.060  2.299!
H -7.199 -1.881 -0.611!
H -6.468  0.574 -2.140!
H -5.140  0.285 -3.280!
H -5.730  1.924 -2.997!
C -4.705 -1.698 -1.086!
H -3.716 -1.674 -1.549!
H -5.447 -1.636 -1.885!
H -4.821 -2.678 -0.603!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -378.6280                 9.6581                13.1642!
 Red. masses --     8.7143                  6.0104                 5.8732!!
 ZERO-POINT CORRECTION= 0.750711 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.813845!
 Thermal correction to Enthalpy=                  0.814900!
 Thermal correction to Gibbs Free Energy=         0.642827!
 Sum of electronic and zero-point Energies=          -2961.873604!
 Sum of electronic and thermal Energies=             -2961.810470!
 Sum of electronic and thermal Enthalpies=           -2961.809415!
 Sum of electronic and thermal Free Energies=        -2961.981488!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000004        0.000450              YES!
 RMS     FORCE                  0.000001        0.000300             YES!
________________________________________!!!!!!! !
  !!
GS 3.85!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.027  0.481  0.724!
C  2.636 -0.469  1.810!
P -0.530 -1.357  1.218!
O -1.274 -3.904  0.413!
O -4.850  0.219 -1.194!
O -0.051 -1.132  3.890!
C -0.400 -2.858  0.215!
C  0.490 -3.191 -0.772!
H  1.279 -2.556 -1.149!
C  0.152 -4.510 -1.207!
H  0.639 -5.092 -1.975!
C -0.922 -4.890 -0.458!
H -1.521 -5.787 -0.420!
C -2.322 -0.874  1.184!
C -2.960 -0.551 -0.029!
C -4.291 -0.068  0.013!
C -4.959  0.095  1.230!
H -5.976  0.465  1.260!
C -4.303 -0.222  2.419!
H -4.821 -0.096  3.365!
C -2.997 -0.701  2.404!
H -2.507 -0.937  3.340!
C -6.189  0.702 -1.229!
H -6.891 -0.027 -0.806!
H -6.422  0.856 -2.283!
H -6.287  1.653 -0.693!
C -0.310 -2.044  2.890!
C  0.131 -1.836  5.042!
H  0.340 -1.249  5.923!
C  0.005 -3.172  4.810!
H  0.105 -3.964  5.538!
C -0.283 -3.309  3.415!
H -0.457 -4.225  2.870!
P -0.543  1.429 -0.901!
O -2.893  2.876 -1.154!
O -3.747 -2.619 -1.576!
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O  1.406  2.165 -2.673!
C -1.887  2.482 -0.299!
C -2.086  3.052  0.931!
H -1.448  2.925  1.793!
C -3.278  3.836  0.835!
H -3.740  4.424  1.614!
C -3.723  3.690 -0.445!
H -4.571  4.082 -0.986!
C -1.344  0.095 -1.914!
C -2.331 -0.753 -1.374!
C -2.799 -1.836 -2.159!
C -2.295 -2.065 -3.443!
H -2.656 -2.892 -4.040!
C -1.314 -1.217 -3.954!
H -0.921 -1.394 -4.951!
C -0.836 -0.149 -3.202!
H -0.067  0.488 -3.618!
C -4.262 -3.727 -2.308!
H -4.752 -3.405 -3.234!
H -4.999 -4.198 -1.656!
H -3.474 -4.451 -2.546!
C  0.183  2.533 -2.158!
C  1.787  3.137 -3.549!
H  2.735  2.981 -4.041!
C  0.849  4.123 -3.603!
H  0.889  5.017 -4.208!
C -0.193  3.732 -2.703!
H -1.109  4.264 -2.495!
C  2.334  2.171  0.628!
C  1.653  3.328  1.240!
H  2.498  2.306 -0.443!
H  3.271  1.897  1.108!
C  1.817  3.863  2.473!
H  0.906  3.811  0.607!
C  3.588 -0.959  0.811!
H  2.157 -1.280  2.360!
H  3.068  0.251  2.508!
C  4.817 -0.447  0.542!
H  3.254 -1.823  0.234!
C  5.758 -0.901 -0.483!
H  5.171  0.379  1.159!
C  7.061 -0.360 -0.507!
C  5.442 -1.865 -1.466!
C  6.384 -2.271 -2.408!
C  8.003 -0.764 -1.452!
C  7.673 -1.726 -2.410!
H  8.998 -0.326 -1.440!
H  8.403 -2.042 -3.149!
H  7.332  0.388  0.235!
H  4.445 -2.294 -1.499!
H  6.109 -3.014 -3.152!
C  1.007  5.058  2.914!
C  2.787  3.343  3.503!
H  0.425  4.836  3.821!
H  0.309  5.388  2.139!
H  1.654  5.909  3.171!
H  3.416  2.536  3.123!
H  2.255  2.964  4.387!
H  3.445  4.145  3.863!!
                                   1                          2                            3!
                                   A                          A                            A!
 Frequencies --    10.8508                12.2808                14.5263!
 Red. masses --     5.8759                   6.1046                  5.6659!!
 ZERO-POINT CORRECTION= 0.751272 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.815377!
 Thermal correction to Enthalpy=                  0.816432!
 Thermal correction to Gibbs Free Energy=         0.639731!
 Sum of electronic and zero-point Energies=          -2961.906560!
 Sum of electronic and thermal Energies=             -2961.842455!
 Sum of electronic and thermal Enthalpies=           -2961.841400!
 Sum of electronic and thermal Free Energies=        -2962.018101!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000015        0.000450            YES!
 RMS     FORCE                  0.000002        0.000300            YES!
________________________________________!!
  !
TS3,3’ 3.85!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.839  0.279 -0.641!
P -1.042  1.807 -0.318!
O -2.379  3.273  1.638!
O -4.940 -1.606  0.046!
O -0.361  3.262 -2.514!
C -1.300  2.463  1.353!
C -0.536  2.317  2.480!
H  0.365  1.726  2.557!
C -1.171  3.073  3.516!
H -0.848  3.184  4.540!
C -2.280  3.627  2.949!
H -3.064  4.268  3.325!
C -2.679  1.109 -0.838!
C -3.255  0.023 -0.148!
C -4.430 -0.568 -0.674!
C -5.006 -0.098 -1.858!
H -5.902 -0.554 -2.258!
C -4.415  0.973 -2.528!
H -4.863  1.342 -3.446!
C -3.263  1.572 -2.031!
H -2.821  2.401 -2.569!
C -6.120 -2.248 -0.426!
H -6.965 -1.551 -0.476!
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H -6.342 -3.032  0.298!
H -5.963 -2.700 -1.412!
C -0.920  3.365 -1.257!
C -0.285  4.520 -3.030!
H  0.130  4.597 -4.024!
C -0.768  5.431 -2.140!
H -0.824  6.501 -2.280!
C -1.181  4.684 -0.991!
H -1.626  5.071 -0.086!
P -0.481 -1.687 -0.111!
O -2.402 -3.437 -1.100!
O -4.557  0.668  2.118!
O  1.577 -2.952  1.157!
C -1.524 -2.418 -1.403!
C -1.588 -2.154 -2.746!
H -1.024 -1.396 -3.268!
C -2.553 -3.052 -3.302!
H -2.863 -3.125 -4.334!
C -3.012 -3.802 -2.260!
H -3.736 -4.599 -2.182!
C -1.626 -1.338  1.309!
C -2.747 -0.495  1.166!
C -3.486 -0.149  2.325!
C -3.116 -0.624  3.586!
H -3.683 -0.355  4.469!
C -1.999 -1.450  3.705!
H -1.710 -1.822  4.684!
C -1.258 -1.804  2.583!
H -0.389 -2.440  2.701!
C -5.326  1.081  3.241!
H -5.786  0.227  3.752!
H -6.110  1.727  2.844!
H -4.718  1.648  3.956!
C  0.424 -3.177  0.434!
C  2.135 -4.165  1.425!
H  3.050 -4.147  1.996!
C  1.381 -5.165  0.887!
H  1.587 -6.224  0.938!
C  0.272 -4.527  0.247!
H -0.542 -5.004 -0.277!
C  2.156 -0.994 -2.140!
C  2.339  1.953 -0.361!
C  3.384  1.269  0.273!
C  4.652  0.991 -0.306!
H  3.233  0.989  1.314!
C  3.385 -0.411 -2.413!
C  4.599 -0.683 -1.739!
H  3.407  0.398 -3.145!
C  4.665 -1.905 -0.849!
C  5.877 -0.385 -2.501!
H  2.532  2.403 -1.333!
H  1.682  2.540  0.274!
H  2.133 -1.949 -1.624!
H  1.352 -0.835 -2.858!
C  5.790  0.688  0.591!
H  4.922  1.645 -1.132!
C  5.654 -0.101  1.753!
C  6.740 -0.344  2.594!
C  8.000  0.187  2.300!
C  7.068  1.212  0.313!
C  8.156  0.967  1.152!
H  9.127  1.393  0.910!
H  8.844 -0.004  2.955!
H  4.689 -0.536  1.995!
H  6.602 -0.955  3.482!
H  7.201  1.838 -0.566!
H  6.734 -0.254 -1.834!
H  5.780  0.513 -3.121!
H  6.120 -1.221 -3.173!
H  5.607 -1.944 -0.296!
H  4.596 -2.825 -1.448!
H  3.845 -1.922 -0.125!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -374.2202                11.7269                13.5309!
 Red. masses --     8.4878                   6.0017                 6.1207!!
 ZERO-POINT CORRECTION= 0.750389 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.813553!
 Thermal correction to Enthalpy=                  0.814608!
 Thermal correction to Gibbs Free Energy=         0.642798!
 Sum of electronic and zero-point Energies=          -2961.877664!
 Sum of electronic and thermal Energies=             -2961.814500!
 Sum of electronic and thermal Enthalpies=           -2961.813445!
 Sum of electronic and thermal Free Energies=        -2961.985255!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000003       0.000450              YES!
 RMS     FORCE                  0.000000       0.000300             YES!
________________________________________!!!
  !
GS 3.92!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.420  1.432  0.452!
C  2.245  1.971  1.476!
P  0.502 -0.908  1.243!
O  1.326 -3.462  0.555!
O -4.083 -2.673 -0.471!
O  1.034 -0.213  3.836!
C  1.413 -2.120  0.256!
C  2.280 -1.940 -0.789!
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H  2.549 -0.992 -1.230!
C  2.754 -3.238 -1.158!
H  3.455 -3.480 -1.944!
C  2.143 -4.117 -0.315!
H  2.182 -5.191 -0.205!
C -1.196 -1.622  1.482!
C -2.014 -1.952  0.385!
C -3.345 -2.370  0.632!
C -3.842 -2.455  1.937!
H -4.859 -2.776  2.123!
C -3.016 -2.115  3.007!
H -3.401 -2.179  4.020!
C -1.707 -1.699  2.789!
H -1.088 -1.433  3.637!
C -5.424 -3.114 -0.295!
H -5.471 -4.041  0.288!
H -5.811 -3.299 -1.298!
H -6.038 -2.347  0.193!
C  1.293 -1.158  2.867!
C  1.747 -0.561  4.944!
H  1.639  0.091  5.797!
C  2.463 -1.696  4.712!
H  3.120 -2.196  5.409!
C  2.168 -2.086  3.367!
H  2.547 -2.949  2.841!
P -1.448  0.908 -1.013!
O -4.207  0.609 -0.981!
O -1.536 -4.292 -0.881!
O -0.465  2.408 -3.068!
C -3.097  1.025 -0.279!
C -3.485  1.521  0.937!
H -2.823  1.925  1.689!
C -4.909  1.404  0.993!
H -5.560  1.694  1.806!
C -5.289  0.845 -0.191!
H -6.245  0.567 -0.608!
C -1.351 -0.773 -1.795!
C -1.542 -1.945 -1.038!
C -1.333 -3.199 -1.666!
C -0.940 -3.276 -3.006!
H -0.781 -4.235 -3.483!
C -0.748 -2.102 -3.731!
H -0.441 -2.160 -4.772!
C -0.947 -0.860 -3.138!
H -0.785  0.037 -3.721!
C -1.358 -5.584 -1.451!
H -2.047 -5.754 -2.286!
H -1.577 -6.294 -0.652!
H -0.327 -5.732 -1.795!
C -1.629  2.024 -2.441!
C -0.808  3.271 -4.066!
H  0.010  3.656 -4.655!
C -2.157  3.458 -4.092!
H -2.706  4.092 -4.773!
C -2.692  2.648 -3.040!
H -3.730  2.533 -2.767!
C  0.208  3.537  0.129!
C -0.260  4.147  1.391!
H -0.466  3.710 -0.711!
H  1.210  3.874 -0.146!
C -1.436  4.760  1.665!
H  0.453  4.096  2.216!
C  3.342  1.249  0.825!
H  2.067  1.624  2.495!
H  2.346  3.055  1.458!
C  4.230  1.690 -0.112!
H  3.428  0.204  1.117!
C  5.267  0.786 -0.663!
C  4.171  3.094 -0.672!
C  5.827  1.016 -1.938!
C  5.756 -0.329  0.056!
C  6.722 -1.177 -0.482!
C  6.797  0.168 -2.476!
C  7.250 -0.937 -1.754!
H  7.197  0.374 -3.465!
H  8.009 -1.595 -2.169!
H  5.487  1.861 -2.528!
H  5.394 -0.517  1.061!
H  7.077 -2.021  0.104!
H  3.611  3.763 -0.015!
H  3.677  3.125 -1.653!
H  5.173  3.516 -0.806!
C -1.716  5.313  3.043!
C -2.540  4.987  0.663!
H -0.879  5.146  3.728!
H -2.611  4.855  3.487!
H -1.914  6.394  3.008!
H -2.318  4.571 -0.321!
H -2.733  6.062  0.539!
H -3.485  4.543  1.005!!
                                 1                           2                           3!
                                 A                           A                           A!
 Frequencies --    13.3806                14.9653                20.9453!
 Red. masses --     6.1808                 5.6382                 5.5480!!
 ZERO-POINT CORRECTION= 0.779792 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.825802!
 Thermal correction to Enthalpy=                  0.826667!
 Thermal correction to Gibbs Free Energy=         0.698555!
 Sum of electronic and zero-point Energies=          -3001.192397!
 Sum of electronic and thermal Energies=             -3001.146387!
 Sum of electronic and thermal Enthalpies=           -3001.145522!
 Sum of electronic and thermal Free Energies=        -3001.273633!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000010     0.000450     YES!
 RMS     FORCE            0.000002     0.000300     YES!
________________________________________!!
 574
  !
TS3,3’ 3.92!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.732  0.112 -0.257!
P  0.807 -1.784 -0.152!
O  2.282 -3.511  1.461!
O  5.234  0.886 -0.700!
O -0.692 -3.072 -2.023!
C  1.333 -2.511  1.427!
C  0.911 -2.250  2.704!
H  0.185 -1.502  2.989!
C  1.630 -3.132  3.571!
H  1.553 -3.203  4.646!
C  2.445 -3.869  2.764!
H  3.163 -4.653  2.952!
C  2.386 -1.360 -1.031!
C  3.286 -0.416 -0.496!
C  4.400 -0.024 -1.278!
C  4.604 -0.548 -2.558!
H  5.456 -0.242 -3.153!
C  3.697 -1.474 -3.071!
H  3.855 -1.884 -4.064!
C  2.598 -1.878 -2.321!
H  1.906 -2.601 -2.737!
C  6.360  1.345 -1.440!
H  7.045  0.525 -1.684!
H  6.871  2.058 -0.792!
H  6.053  1.850 -2.363!
C  0.227 -3.285 -1.015!
C -1.044 -4.290 -2.518!
H -1.760 -4.282 -3.324!
C -0.388 -5.283 -1.853!
H -0.478 -6.345 -2.031!
C  0.436 -4.633 -0.881!
H  1.108 -5.098 -0.176!
P  0.994  1.792  0.069!
O  2.929  3.400 -1.128!
O  4.904 -1.339  1.455!
O -0.718  3.179  1.661!
C  1.920  2.482 -1.333!
C  1.787  2.254 -2.677!
H  1.092  1.566 -3.134!
C  2.759  3.070 -3.338!
H  2.941  3.145 -4.400!
C  3.420  3.740 -2.352!
H  4.222  4.462 -2.353!
C  2.298  1.197  1.248!
C  3.179  0.157  0.889!
C  4.072 -0.343  1.870!
C  4.075  0.168  3.171!
H  4.756 -0.219  3.918!
C  3.186  1.189  3.507!
H  3.188  1.589  4.517!
C  2.305  1.700  2.561!
H  1.625  2.496  2.841!
C  5.821 -1.896  2.390!
H  6.523 -1.142  2.766!
H  6.374 -2.662  1.845!
H  5.298 -2.359  3.236!
C  0.384  3.328  0.844!
C -1.063  4.417  2.109!
H -1.915  4.458  2.771!
C -0.224  5.361  1.598!
H -0.266  6.426  1.779!
C  0.715  4.656  0.781!
H  1.539  5.074  0.222!
C -2.011  1.625 -1.462!
C -2.451 -1.254  0.658!
C -3.660 -0.591  0.785!
C -4.757 -0.639 -0.132!
H -3.764  0.044  1.661!
C -3.187  1.042 -1.927!
C -4.484  1.199 -1.369!
H -3.108  0.400 -2.805!
C -4.669  2.311 -0.354!
C -5.638  1.082 -2.350!
H -2.354 -2.090 -0.025!
H -1.825 -1.305  1.545!
H -2.068  2.463 -0.774!
H -1.182  1.671 -2.166!
C -6.121 -0.437  0.454!
C -6.349  0.347  1.609!
C -7.621  0.505  2.153!
C -8.729 -0.117  1.571!
C -7.257 -1.057 -0.111!
C -8.533 -0.901  0.435!
H -9.376 -1.403 -0.034!
H -9.720  0.004  1.997!
H -5.521  0.849  2.096!
H -7.746  1.119  3.042!
H -7.149 -1.688 -0.985!
H -6.577  0.805 -1.861!
H -5.433  0.359 -3.145!
H -5.806  2.054 -2.836!
C -4.645 -1.701 -1.217!
H -3.655 -1.679 -1.676!
H -5.375 -1.568 -2.017!
H -4.796 -2.706 -0.799!
H -5.678  2.308  0.064!
H -4.518  3.287 -0.837!
H -3.955  2.242  0.471!!!
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                                 1                           2                           3!
                                 A                           A                           A!
 Frequencies --  -352.2016                12.0389                15.5031!
 Red. masses --     7.7422                 5.9787                 6.1043!
 !
ZERO-POINT CORRECTION= 0.778691 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.824087!
 Thermal correction to Enthalpy=                  0.824952!
 Thermal correction to Gibbs Free Energy=         0.698556!
 Sum of electronic and zero-point Energies=          -3001.155617!
 Sum of electronic and thermal Energies=             -3001.110221!
 Sum of electronic and thermal Enthalpies=           -3001.109356!
 Sum of electronic and thermal Free Energies=        -3001.235752!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000007     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!
  !
GS 3.93!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.807  0.659  0.396!
C  1.293  2.615 -0.349!
P -0.785  0.197 -1.427!
O -3.445  0.325 -2.185!
O -2.017 -4.748 -0.389!
O  0.980  0.993 -3.359!
C -2.505  0.734 -1.264!
C -3.092  1.576 -0.358!
H -2.594  2.059  0.470!
C -4.466  1.694 -0.734!
H -5.231  2.280 -0.246!
C -4.622  0.915 -1.843!
H -5.464  0.689 -2.479!
C -0.855 -1.614 -1.830!
C -1.483 -2.532 -0.967!
C -1.390 -3.915 -1.264!
C -0.687 -4.364 -2.385!
H -0.618 -5.421 -2.609!
C -0.066 -3.437 -3.221!
H  0.480 -3.785 -4.093!
C -0.143 -2.075 -2.951!
H  0.353 -1.375 -3.611!
C -1.963 -6.151 -0.624!
H -2.423 -6.417 -1.583!
H -2.528 -6.611  0.187!
H -0.931 -6.521 -0.602!
C -0.356  0.971 -3.021!
C  1.089  1.658 -4.544!
H  2.088  1.750 -4.940!
C -0.137  2.070 -4.972!
H -0.350  2.622 -5.876!
C -1.075  1.624 -3.987!
H -2.146  1.760 -3.998!
P  0.082 -1.356  1.590!
O  0.523 -4.085  1.812!
O -4.182 -2.690 -1.063!
O  0.085 -0.037  3.976!
C  0.919 -2.912  1.206!
C  1.975 -3.166  0.372!
H  2.477 -2.436 -0.245!
C  2.249 -4.566  0.464!
H  3.016 -5.121 -0.057!
C  1.341 -5.070  1.347!
H  1.154 -6.059  1.738!
C -1.736 -1.696  1.443!
C -2.297 -2.132  0.227!
C -3.705 -2.256  0.136!
C -4.526 -1.944  1.224!
H -5.603 -2.038  1.151!
C -3.949 -1.504  2.413!
H -4.586 -1.260  3.259!
C -2.569 -1.377  2.529!
H -2.143 -1.028  3.461!
C -5.588 -2.835 -1.227!
H -6.003 -3.566 -0.523!
H -5.734 -3.193 -2.246!
H -6.106 -1.876 -1.102!
C  0.353 -1.254  3.388!
C  0.402 -0.148  5.297!
H  0.237  0.735  5.895!
C  0.872 -1.396  5.572!
H  1.202 -1.763  6.533!
C  0.839 -2.116  4.335!
H  1.130 -3.142  4.169!
C  2.504  0.914  1.701!
C  3.696  0.561  0.918!
H  2.328  0.199  2.506!
H  2.503  1.924  2.110!
C  4.746  1.333  0.517!
H  3.742 -0.491  0.635!
C  0.090  3.444 -0.239!
H  1.572  2.417 -1.385!
H  2.150  2.980  0.211!
C -0.267  4.316  0.747!
H -0.627  3.309 -1.048!
C -1.545  5.062  0.679!
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C  0.588  4.522  1.977!
C -2.180  5.522  1.852!
C -2.178  5.361 -0.549!
C -3.387  6.051 -0.596!
C -3.391  6.215  1.805!
C -4.006  6.482  0.581!
H -3.854  6.545  2.731!
H -4.945  7.027  0.542!
H -1.730  5.320  2.819!
H -1.699  5.074 -1.480!
H -3.840  6.268 -1.560!
C  5.817  0.757 -0.332!
C  4.925  2.770  0.960!
H  0.620  5.576  2.274!
H  1.614  4.188  1.811!
H  0.206  3.959  2.840!
C  7.132  1.269 -0.303!
C  5.569 -0.314 -1.219!
C  8.147  0.718 -1.086!
C  6.582 -0.867 -1.998!
C  7.883 -0.358 -1.937!
H  7.373  2.100  0.351!
H  8.672 -0.784 -2.550!
H  9.150  1.133 -1.029!
H  4.559 -0.698 -1.317!
H  6.351 -1.688 -2.672!
H  4.054  3.140  1.502!
H  5.104  3.439  0.110!
H  5.787  2.878  1.632!!
                                 1                           2                           3!
                                 A                           A                           A!
 Frequencies --      7.1321                10.4356                13.1313!
 Red. masses --     6.0426                 6.0869                   6.0654!!
 ZERO-POINT CORRECTION= 0.833065 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.902692!
 Thermal correction to Enthalpy=                  0.903747!
 Thermal correction to Gibbs Free Energy=         0.713775!
 Sum of electronic and zero-point Energies=          -3192.878300!
 Sum of electronic and thermal Energies=             -3192.808673!
 Sum of electronic and thermal Enthalpies=           -3192.807618!
 Sum of electronic and thermal Free Energies=        -3192.997590!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000011        0.000450             YES!
 RMS     FORCE                  0.000001        0.000300            YES!
________________________________________!!!!!!
  !
TS3,3’ 3.93!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.291  0.480 -0.208!
P  1.732  1.822 -0.233!
O  3.793  2.787 -1.839!
O  5.090 -1.785  1.399!
O  0.518  3.738  1.270!
C  2.599  2.096 -1.802!
C  2.251  1.734 -3.077!
H  1.373  1.169 -3.353!
C  3.276  2.225 -3.946!
H  3.331  2.122 -5.020!
C  4.181  2.851 -3.142!
H  5.109  3.369 -3.332!
C  3.032  1.183  0.927!
C  3.633 -0.072  0.706!
C  4.527 -0.576  1.682!
C  4.796  0.141  2.853!
H  5.476 -0.249  3.599!
C  4.177  1.373  3.057!
H  4.386  1.933  3.965!
C  3.304  1.894  2.108!
H  2.838  2.857  2.284!
C  6.001 -2.348  2.335!
H  6.877 -1.704  2.483!
H  6.322 -3.297  1.904!
H  5.520 -2.534  3.302!
C  1.488  3.547  0.308!
C  0.431  5.078  1.500!
H -0.291  5.381  2.243!
C  1.308  5.756  0.709!
H  1.450  6.826  0.676!
C  1.996  4.765 -0.062!
H  2.775  4.929 -0.791!
P  0.798 -1.627  0.252!
O  2.166 -3.207  2.083!
O  5.568 -0.067 -1.167!
O -0.971 -3.052 -1.259!
C  1.370 -2.094  1.912!
C  1.123 -1.528  3.135!
H  0.542 -0.636  3.314!
C  1.795 -2.330  4.110!
H  1.819 -2.179  5.180!
C  2.409 -3.329  3.416!
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H  3.024 -4.167  3.708!
C  2.324 -1.686 -0.815!
C  3.449 -0.878 -0.548!
C  4.510 -0.864 -1.487!
C  4.449 -1.623 -2.659!
H  5.261 -1.607 -3.376!
C  3.324 -2.408 -2.906!
H  3.274 -3.001 -3.815!
C  2.271 -2.442 -1.999!
H  1.406 -3.058 -2.214!
C  6.667  0.003 -2.068!
H  7.139 -0.978 -2.205!
H  7.384  0.686 -1.611!
H  6.362  0.399 -3.044!
C -0.079 -3.162 -0.211!
C -1.541 -4.277 -1.439!
H -2.259 -4.349 -2.241!
C -1.053 -5.168 -0.532!
H -1.330 -6.208 -0.438!
C -0.104 -4.448  0.261!
H  0.496 -4.835  1.070!
C -1.712  0.670  1.992!
C -1.549  1.835 -1.394!
C -2.524  0.836 -1.524!
C -3.897  0.892 -1.069!
H -2.280  0.030 -2.210!
C -2.989  1.035  1.683!
C -4.018  0.160  1.189!
C -5.429  0.457  1.541!
H -1.773  2.763 -0.877!
H -0.823  1.940 -2.197!
H -1.440 -0.370  2.115!
H -1.011  1.410  2.365!
C -4.817 -0.085 -1.709!
C -4.387 -1.381 -2.082!
C -5.242 -2.281 -2.713!
C -6.564 -1.926 -3.002!
C -6.157  0.245 -2.003!
C -7.012 -0.655 -2.642!
H -8.034 -0.356 -2.859!
H -7.228 -2.628 -3.498!
H -3.372 -1.693 -1.863!
H -4.875 -3.269 -2.981!
H -6.540  1.226 -1.749!
C -5.796  1.610  2.277!
C -6.481 -0.421  1.190!
C -7.806 -0.158  1.539!
C -8.140  0.993  2.253!
C -7.120  1.876  2.619!
H -9.171  1.195  2.528!
H -7.353  2.771  3.189!
H -6.268 -1.324  0.632!
H -8.580 -0.863  1.248!
H -5.033  2.303  2.612!
H -3.223  2.095  1.749!
C -3.628 -1.293  1.057!
H -4.364 -1.885  0.514!
H -3.503 -1.753  2.048!
H -2.673 -1.382  0.530!
C -4.454  2.286 -0.838!
H -3.754  2.908 -0.278!
H -5.394  2.277 -0.286!
H -4.633  2.787 -1.799!!
                                  1                           2                           3!
                                  A                           A                           A!
 Frequencies --  -252.3017                11.0594                14.8511!
 Red. masses --     7.6328                  5.7524                 5.9998!!
 ZERO-POINT CORRECTION= 0.832197 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.900974!
 Thermal correction to Enthalpy=                  0.902029!
 Thermal correction to Gibbs Free Energy=         0.718231!
 Sum of electronic and zero-point Energies=          -3192.838701!
 Sum of electronic and thermal Energies=             -3192.769925!
 Sum of electronic and thermal Enthalpies=           -3192.768870!
 Sum of electronic and thermal Free Energies=        -3192.952668!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE       0.000001        0.000450             YES!
 RMS     FORCE            0.000000     0.000300                 YES!
________________________________________!!!!
Structures and Energies Figure 3.10!!
  !
3.94!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C -1.550  0.662 -0.357!
C -2.614 -0.102 -0.046!
H -1.576  1.692  0.010!
C -3.766  0.451  0.762!
B  1.071  0.492 -0.173!
C -0.287  0.313 -1.079!
H -0.178  0.992 -1.942!
H -0.326 -0.703 -1.491!
O  1.122 -0.465  0.955!
F  1.125  1.849  0.313!
O  2.305  0.222 -0.962!
C -2.770 -1.550 -0.442!
C  3.054 -0.771 -0.302!
C  2.476 -0.818  1.122!
H  3.009 -0.098  1.772!
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H  2.568 -1.810  1.589!
H  4.131 -0.536 -0.310!
H  2.936 -1.756 -0.794!
H -3.612  1.503  1.023!
H -3.909 -0.108  1.698!
H -4.718  0.374  0.215!
H -1.951 -1.904 -1.072!
H -3.711 -1.712 -0.986!
H -2.814 -2.201  0.443!!
                                  1                           2                           3!
                                  A                           A                           A!
 Frequencies --    32.9174                47.6080                77.0765!
 Red. masses --     3.1012                 3.7338                 3.2159!
 !
ZERO-POINT CORRECTION=  0.197792 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.212417!
 Thermal correction to Enthalpy=                  0.213472!
 Thermal correction to Gibbs Free Energy=         0.152545!
 Sum of electronic and zero-point Energies=           -549.760118!
 Sum of electronic and thermal Energies=              -549.745492!
 Sum of electronic and thermal Enthalpies=            -549.744437!
 Sum of electronic and thermal Free Energies=         -549.805364!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000014         0.000450            YES!
 RMS     FORCE                  0.000002         0.000300            YES!
________________________________________!!!
  !
TS3.I!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.975  0.291  0.092!
P  0.515 -0.746 -1.661!
O  1.467 -3.026 -2.908!
O  5.111 -0.817  0.767!
O -0.383  1.158 -3.375!
C  0.601 -2.533 -1.956!
C -0.064 -3.575 -1.367!
H -0.791 -3.494 -0.572!
C  0.408 -4.773 -1.988!
H  0.100 -5.786 -1.775!
C  1.331 -4.380 -2.910!
H  1.947 -4.914 -3.618!
C  2.294 -0.237 -1.464!
C  3.078 -0.745 -0.411!
C  4.409 -0.282 -0.269!
C  4.935  0.669 -1.148!
H  5.953  1.022 -1.039!
C  4.135  1.171 -2.172!
H  4.541  1.913 -2.854!
C  2.826  0.728 -2.334!
H  2.227  1.128 -3.142!
C  6.466 -0.422  0.951!
H  7.080 -0.672  0.077!
H  6.825 -0.981  1.816!
H  6.547  0.652  1.155!
C  0.113 -0.126 -3.324!
C -0.666  1.430 -4.680!
H -1.061  2.415 -4.880!
C -0.369  0.357 -5.465!
H -0.495  0.289 -6.536!
C  0.139 -0.652 -4.587!
H  0.485 -1.638 -4.856!
P  0.852  0.158  1.709!
O  3.232  1.179  2.677!
O  3.974 -3.302 -0.583!
O -0.976 -0.400  3.656!
C  2.187  1.377  1.800!
C  2.368  2.562  1.138!
H  1.711  2.974  0.386!
C  3.585  3.128  1.630!
H  4.041  4.061  1.330!
C  4.064  2.249  2.555!
H  4.938  2.240  3.188!
C  1.676 -1.498  1.587!
C  2.588 -1.781  0.552!
C  3.101 -3.096  0.440!
C  2.708 -4.098  1.333!
H  3.100 -5.103  1.245!
C  1.795 -3.797  2.343!
H  1.488 -4.575  3.035!
C  1.277 -2.513  2.473!
H  0.565 -2.304  3.262!
C  4.538 -4.600 -0.748!
H  5.110 -4.906  0.136!
H  5.209 -4.526 -1.604!
H  3.764 -5.347 -0.959!
C  0.238  0.207  3.423!
C -1.283 -0.201  4.968!
H -2.215 -0.631  5.302!
C -0.307  0.524  5.582!
H -0.290  0.834  6.617!
C  0.682  0.789  4.582!
H  1.607  1.331  4.706!
C -1.937  1.754  1.316!
C -1.836  2.959  0.499!
C -0.968  3.981  0.725!
H -2.505  3.022 -0.357!
C -0.791  5.187 -0.082!
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C  0.052  6.213  0.397!
C -1.418  5.390 -1.332!
C -1.217  6.564 -2.053!
C  0.253  7.387 -0.327!
C -0.382  7.571 -1.557!
H  0.906  8.159  0.070!
H -0.227  8.484 -2.125!
H  0.548  6.080  1.355!
H -2.061  4.619 -1.744!
H -1.712  6.693 -3.012!
H -0.337  3.923  1.612!
H -2.940  1.362  1.462!
H -1.411  1.833  2.267!
C -3.220 -1.150  0.314!
C -3.042 -0.261 -0.808!
H -2.636 -2.070  0.268!
C -4.044  0.874 -0.971!
B -5.615 -2.419  0.644!
C -4.129 -1.071  1.356!
H -4.708 -0.163  1.511!
H -3.952 -1.665  2.249!
O -6.569 -2.305  1.673!
F -4.871 -3.564  0.605!
O -6.110 -1.895 -0.569!
C -2.864 -0.983 -2.143!
C -7.429 -1.405 -0.318!
C -7.546 -1.368  1.221!
H -8.165 -2.089 -0.762!
H -7.561 -0.417 -0.772!
H -8.537 -1.662  1.581!
H -7.320 -0.367  1.615!
H -3.840 -1.377 -2.466!
H -2.181 -1.833 -2.077!
H -2.510 -0.312 -2.929!
H -5.018  0.457 -1.263!
H -3.729  1.559 -1.766!
H -4.209  1.460 -0.065!!
                                   1                            2                           3!
                                   A                            A                           A!
 Frequencies --  -263.9970                12.6109                15.7265!
 Red. masses --     8.9817                   6.3858                 6.1630!!
 ZERO-POINT CORRECTION= 0.825225 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.896201!
 Thermal correction to Enthalpy=                  0.897256!
 Thermal correction to Gibbs Free Energy=         0.706902!
 Sum of electronic and zero-point Energies=          -3315.710373!
 Sum of electronic and thermal Energies=             -3315.639397!
 Sum of electronic and thermal Enthalpies=           -3315.638342!
 Sum of electronic and thermal Free Energies=        -3315.828696!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000002         0.000450             YES!
 RMS     FORCE                  0.000000         0.000300             YES!
________________________________________!!
  !
3.95!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C  1.324  1.108  0.633!
C  1.965  2.149  0.083!
H  0.840  1.269  1.598!
H  2.001  3.117  0.578!
B -0.486 -0.563 -0.147!
C  1.139 -0.280  0.090!
C  1.662 -1.285  1.145!
C  1.893 -0.492 -1.231!
O -1.262 -0.308  1.091!
F -0.635 -1.930 -0.571!
O -1.095  0.316 -1.176!
H  2.468  2.083 -0.878!
C -2.070  1.119 -0.555!
C -2.455  0.340  0.711!
H -3.258 -0.387  0.479!
H -2.824  0.989  1.519!
H -2.928  1.292 -1.224!
H -1.660  2.109 -0.281!
H  1.730 -1.511 -1.597!
H  2.978 -0.340 -1.127!
H  1.532  0.195 -2.005!
H  1.467 -2.312  0.818!
H  1.158 -1.147  2.108!
H  2.745 -1.183  1.317!!
                                  1                           2                            3!
                                  A                           A                            A!
 Frequencies --    76.3682               104.8474               111.5862!
 Red. masses --     3.9750                  3.2842                 3.2093!!
 ZERO-POINT CORRECTION= 0.198015 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.212261!
 Thermal correction to Enthalpy=                  0.213316!
 Thermal correction to Gibbs Free Energy=         0.155570!
 Sum of electronic and zero-point Energies=           -549.750417!
 Sum of electronic and thermal Energies=              -549.736172!
 Sum of electronic and thermal Enthalpies=            -549.735117!
 Sum of electronic and thermal Free Energies=         -549.792862!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000040         0.000450             YES!
 RMS     FORCE                  0.000008         0.000300            YES!
________________________________________!
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!  !
TS3.K!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.763  0.474  0.544!
P -0.055 -1.102 -1.258!
O  0.477 -3.718 -1.950!
O  5.095 -0.719 -0.783!
O -1.551  0.246 -3.100!
C -0.022 -2.886 -0.972!
C -0.437 -3.636  0.096!
H -0.860 -3.255  1.013!
C -0.186 -5.003 -0.238!
H -0.390 -5.874  0.368!
C  0.367 -4.991 -1.484!
H  0.717 -5.767 -2.149!
C  1.629 -0.657 -1.889!
C  2.776 -0.907 -1.111!
C  4.029 -0.446 -1.582!
C  4.129  0.245 -2.794!
H  5.088  0.595 -3.155!
C  2.979  0.487 -3.543!
H  3.057  1.024 -4.484!
C  1.736  0.046 -3.100!
H  0.855  0.249 -3.697!
C  6.391 -0.311 -1.209!
H  6.666 -0.778 -2.162!
H  7.079 -0.646 -0.432!
H  6.457  0.779 -1.306!
C -1.119 -1.010 -2.731!
C -2.369  0.090 -4.180!
H -2.782  0.999 -4.590!
C -2.481 -1.227 -4.507!
H -3.066 -1.642 -5.315!
C -1.670 -1.943 -3.569!
H -1.508 -3.009 -3.528!
P  1.438  0.464  1.490!
O  3.934  1.618  1.300!
O  3.723 -3.438 -1.077!
O  0.425  0.332  4.016!
C  2.632  1.659  0.852!
C  2.489  2.688 -0.041!
H  1.579  2.958 -0.554!
C  3.768  3.316 -0.152!
H  4.030  4.163 -0.769!
C  4.601  2.628  0.679!
H  5.646  2.726  0.933!
C  2.262 -1.193  1.385!
C  2.749 -1.695  0.163!
C  3.275 -3.011  0.134!
C  3.309 -3.796  1.290!
H  3.712 -4.801  1.266!
C  2.812 -3.280  2.486!
H  2.836 -3.891  3.383!
C  2.288 -1.993  2.540!
H  1.903 -1.615  3.479!
C  4.259 -4.753 -1.182!
H  5.141 -4.881 -0.543!
H  4.550 -4.873 -2.226!
H  3.510 -5.511 -0.925!
C  1.459  0.848  3.267!
C  0.601  0.761  5.297!
H -0.139  0.430  6.008!
C  1.713  1.542  5.390!
H  2.091  2.021  6.282!
C  2.273  1.599  4.074!
H  3.167  2.119  3.765!
C -1.311  2.153  1.744!
C -1.537  3.223  0.770!
C -0.703  4.272  0.558!
H -2.451  3.155  0.182!
C -0.875  5.361 -0.405!
C  0.040  6.435 -0.389!
C -1.912  5.400 -1.362!
C -2.028  6.467 -2.249!
C -0.077  7.502 -1.279!
C -1.114  7.525 -2.215!
H  0.642  8.315 -1.241!
H -1.208  8.354 -2.910!
H  0.848  6.426  0.338!
H -2.630  4.588 -1.415!
H -2.836  6.472 -2.976!
H  0.193  4.340  1.175!
H -2.210  1.827  2.267!
H -0.515  2.381  2.452!
C -3.176 -0.939  0.562!
C -2.938  0.350  0.035!
H -2.841 -1.772 -0.057!
H -3.450  1.179  0.513!
B -5.586 -1.683  0.912!
C -3.884 -1.316  1.727!
C -4.173 -0.252  2.781!
C -3.476 -2.660  2.338!
O -6.097 -0.478  0.321!
F -6.278 -2.118  2.044!
O -5.476 -2.693 -0.103!
H -2.865  0.438 -1.046!
C -5.656 -2.056 -1.358!
C -6.436 -0.769 -1.028!
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H -6.199 -2.718 -2.044!
H -4.684 -1.820 -1.820!
H -7.522 -0.932 -1.124!
H -6.163  0.069 -1.683!
H -4.593  0.658  2.343!
H -3.259  0.022  3.328!
H -4.897 -0.631  3.507!
H -3.330 -3.422  1.567!
H -4.247 -3.022  3.022!
H -2.540 -2.566  2.909!!
                                  1                            2                           3!
                                  A                            A                           A!
 Frequencies --  -151.0941                 9.4811                11.1710!
 Red. masses --     5.3081                  6.2993                 6.4266!!
 ZERO-POINT CORRECTION= 0.825403 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.896177!
 Thermal correction to Enthalpy=                  0.897232!
 Thermal correction to Gibbs Free Energy=         0.706032!
 Sum of electronic and zero-point Energies=          -3315.722527!
 Sum of electronic and thermal Energies=             -3315.651752!
 Sum of electronic and thermal Enthalpies=           -3315.650697!
 Sum of electronic and thermal Free Energies=        -3315.841898!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000003        0.000450             YES!
 RMS     FORCE                  0.000001        0.000300             YES!
________________________________________!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
Chapter 4!!
Structures and Energies Figure 4.2!!
  !
GS4.A!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P -0.516  1.756 -0.346!
C -2.982  2.196  1.036!
C  0.302  3.384 -2.474!
C -1.579  2.198  1.090!
C -0.941  2.612  2.270!
C -1.409  0.409 -1.279!
C -1.681 -0.844 -0.717!
C -2.256 -1.882 -1.537!
C -2.537 -1.627 -2.918!
C -3.110 -2.648 -3.725!
C -2.243 -0.348 -3.449!
H -2.462 -0.145 -4.494!
C -1.700  0.632 -2.657!
H -1.495  1.601 -3.093!
C -0.670  3.223 -1.470!
C -1.689  4.181 -1.362!
P  1.381 -1.145  0.332!
C  0.754 -3.604 -0.988!
C  3.214 -1.052  2.451!
C  1.308 -2.317 -1.084!
C  1.885 -1.911 -2.297!
C -0.204 -1.386  1.293!
C -1.468 -1.144  0.743!
C -2.639 -1.241  1.579!
C -2.500 -1.574  2.966!
C -3.655 -1.678  3.789!
C -1.204 -1.806  3.484!
H -1.091 -2.067  4.533!
C -0.099 -1.716  2.675!
H  0.876 -1.909  3.103!
C  2.668 -1.878  1.451!
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C  3.135 -3.195  1.339!
C  4.179 -1.541  3.331!
C  4.632 -2.858  3.214!
C  4.112 -3.680  2.214!
H  2.747 -3.850  0.567!
H  5.391 -3.236  3.893!
H  4.465 -4.702  2.109!
H  2.888 -0.019  2.530!
H  4.584 -0.890  4.100!
C  1.915 -2.779 -3.391!
H  2.322 -0.921 -2.381!
C  0.786 -4.469 -2.082!
C  1.367 -4.059 -3.285!
H  0.291 -3.930 -0.062!
H  0.351 -5.461 -1.997!
H  1.388 -4.734 -4.136!
H  2.366 -2.454 -4.324!
C -1.740  5.265 -2.243!
H -2.443  4.092 -0.589!
C  0.243  4.459 -3.360!
C -0.779  5.405 -3.245!
H -2.534  6.000 -2.141!
H -0.822  6.248 -3.928!
H  1.113  2.665 -2.550!
H  1.000  4.564 -4.131!
C -1.695  3.025  3.372!
H  0.144  2.622  2.325!
C -3.089  3.024  3.307!
C -3.732  2.609  2.138!
H -1.190  3.345  4.279!
H -3.491  1.869  0.135!
H -3.675  3.343  4.165!
H -4.816  2.599  2.085!
Pd  1.847  1.215 -0.019!
C  2.397  3.272  0.233!
C  3.962  0.908 -0.199!
C  4.352  1.235 -1.584!
H  4.211 -0.122  0.062!
H  4.401  1.588  0.535!
C  4.764  0.369 -2.530!
H  4.294  2.289 -1.864!
C  2.689  3.449  1.633!
H  1.576  3.918 -0.086!
H  3.271  3.490 -0.387!
C  2.930  3.584  2.819!
H  5.020  0.699 -3.533!
H  4.864 -0.695 -2.324!
C -3.958 -1.023  1.083!
C -2.571 -3.176 -1.028!
C -4.912 -1.466  3.272!
C -5.059 -1.134  1.903!
H -3.522 -1.933  4.837!
H -5.789 -1.551  3.906!
H -4.098 -0.765  0.041!
H -6.052 -0.964  1.496!
C -3.406 -3.883 -3.195!
C -3.131 -4.145 -1.831!
H -2.366 -3.401  0.011!
H -3.361 -5.121 -1.415!
H -3.313 -2.430 -4.770!
H -3.848 -4.655 -3.817!
H  3.144  3.709  3.856!!
                                 1                           2                           3!
                                 A                           A                           A!
 Frequencies --    16.1864                26.5009                31.0084!
 Red. masses --     6.0291                 5.1407                 5.3325!!
 ZERO-POINT CORRECTION= 0.739917 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.798731!
 Thermal correction to Enthalpy=                  0.799786!
 Thermal correction to Gibbs Free Energy=         0.640706!
 Sum of electronic and zero-point Energies=          -2738.099039!
 Sum of electronic and thermal Energies=             -2738.040225!
 Sum of electronic and thermal Enthalpies=           -2738.039170!
 Sum of electronic and thermal Free Energies=        -2738.198250!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000256     0.000450     YES!
 RMS     FORCE            0.000017     0.000300     YES!
____________________________________________________!!
  !
GS4.B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P -0.303  1.782  0.320!
C  1.643  3.353 -1.067!
C -1.774  2.788  2.481!
C  0.407  2.689 -1.114!
C -0.361  2.753 -2.288!
C  1.132  1.026  1.240!
C  1.932  0.024  0.681!
C  2.942 -0.614  1.490!
C  3.110 -0.226  2.858!
C  4.107 -0.854  3.654!
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C  2.280  0.793  3.385!
H  2.410  1.100  4.419!
C  1.327  1.395  2.603!
H  0.713  2.175  3.035!
C -0.874  3.130  1.455!
C -0.473  4.468  1.332!
P -0.671 -1.683 -0.307!
C  0.996 -3.483  1.163!
C -2.305 -2.588 -2.394!
C -0.088 -2.591  1.182!
C -0.807 -2.413  2.374!
C  0.848 -1.200 -1.283!
C  1.853 -0.373 -0.769!
C  2.919  0.075 -1.633!
C  2.939 -0.326 -3.008!
C  3.992  0.111 -3.858!
C  1.906 -1.166 -3.488!
H  1.921 -1.483 -4.527!
C  0.900 -1.585 -2.655!
H  0.130 -2.232 -3.055!
C -1.450 -3.000 -1.356!
C -1.251 -4.373 -1.156!
C -2.920 -3.523 -3.227!
C -2.709 -4.889 -3.021!
C -1.878 -5.310 -1.982!
H -0.613 -4.723 -0.352!
H -3.195 -5.618 -3.662!
H -1.716 -6.370 -1.809!
H -2.495 -1.528 -2.539!
H -3.573 -3.184 -4.026!
C -0.455 -3.124  3.524!
H -1.646 -1.723  2.397!
C  1.345 -4.193  2.313!
C  0.620 -4.015  3.494!
H  1.571 -3.620  0.253!
H  2.187 -4.878  2.288!
H  0.895 -4.567  4.388!
H -1.019 -2.979  4.441!
C -0.951  5.437  2.218!
H  0.209  4.764  0.542!
C -2.242  3.754  3.372!
C -1.831  5.084  3.241!
H -0.633  6.470  2.105!
H -2.201  5.839  3.929!
H -2.117  1.761  2.573!
H -2.933  3.470  4.159!
C  0.097  3.476 -3.392!
H -1.319  2.245 -2.326!
C  1.326  4.137 -3.335!
C  2.098  4.074 -2.172!
H -0.505  3.520 -4.295!
H  2.252  3.306 -0.170!
H  1.684  4.697 -4.194!
H  3.057  4.581 -2.126!
Pd -2.156  0.214 -0.053!
C -3.490  1.800 -0.319!
C -3.898 -1.013  0.068!
C -4.538 -0.728  1.366!
H -3.617 -2.063 -0.031!
H -4.507 -0.700 -0.783!
C -4.553 -1.534  2.445!
H -5.034  0.240  1.443!
C -4.323  1.876 -1.315!
C -5.166  1.912 -2.333!
H -5.043 -1.241  3.369!
H -4.081 -2.514  2.431!
C  3.978  0.912 -1.175!
C  3.800 -1.634  0.983!
C  4.999  0.915 -3.378!
C  4.987  1.317 -2.021!
H  3.984 -0.207 -4.898!
H  5.801  1.242 -4.033!
H  3.990  1.235 -0.142!
H  5.781  1.955 -1.642!
C  4.919 -1.831  3.128!
C  4.759 -2.222  1.776!
H  3.695 -1.951 -0.047!
H  5.399 -2.996  1.362!
H  4.215 -0.542  4.690!
H  5.680 -2.303  3.742!
H -3.409  2.639  0.372!
H -4.872  2.295 -3.309!
H -6.197  1.578 -2.234!!
                                 1                           2                           3!
                                 A                           A                           A!
 Frequencies --     8.3342                25.3591                28.6360!
 Red. masses --     6.0042                 4.9939                 4.2568!!
 ZERO-POINT CORRECTION= 0.739806 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.798618!
 Thermal correction to Enthalpy=                  0.799673!
 Thermal correction to Gibbs Free Energy=         0.639035!
 Sum of electronic and zero-point Energies=          -2738.108724!
 Sum of electronic and thermal Energies=             -2738.049913!
 Sum of electronic and thermal Enthalpies=           -2738.048858!
 Sum of electronic and thermal Free Energies=        -2738.209496!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000007     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
________________________________________!!
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  !
TS4.A!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P  0.694 -1.675  0.032!
C -1.083 -3.555 -1.210!
C  2.679 -2.554  1.791!
C -0.090 -2.576 -1.374!
C  0.361 -2.281 -2.671!
C -0.691 -1.302  1.223!
C -1.773 -0.479  0.885!
C -2.741 -0.128  1.896!
C -2.584 -0.610  3.236!
C -3.543 -0.270  4.229!
C -1.470 -1.431  3.538!
H -1.349 -1.807  4.550!
C -0.560 -1.763  2.566!
H  0.276 -2.399  2.829!
C  1.678 -2.986  0.902!
C  1.514 -4.365  0.701!
P  0.164  1.835 -0.312!
C -1.626  3.211  1.460!
C  1.313  3.157 -2.487!
C -0.402  2.542  1.295!
C  0.464  2.433  2.394!
C -1.342  1.074 -1.100!
C -2.034  0.005 -0.518!
C -3.106 -0.629 -1.248!
C -3.445 -0.170 -2.562!
C -4.505 -0.791 -3.277!
C -2.715  0.910 -3.116!
H -2.974  1.269 -4.109!
C -1.702  1.507 -2.410!
H -1.169  2.335 -2.859!
C  0.501  3.335 -1.352!
C  0.041  4.628 -1.056!
C  1.629  4.231 -3.319!
C  1.159  5.512 -3.017!
C  0.370  5.707 -1.882!
H -0.568  4.804 -0.177!
H  1.413  6.352 -3.656!
H  0.009  6.700 -1.633!
H  1.707  2.169 -2.707!
H  2.253  4.070 -4.193!
C  0.124  2.996  3.626!
H  1.402  1.897  2.281!
C -1.965  3.774  2.691!
C -1.089  3.671  3.775!
H -2.320  3.289  0.629!
H -2.915  4.287  2.806!
H -1.355  4.108  4.733!
H  0.804  2.903  4.468!
C  2.315 -5.285  1.382!
H  0.767 -4.732  0.006!
C  3.466 -3.473  2.485!
C  3.287 -4.844  2.280!
H  2.175 -6.348  1.209!
H  3.908 -5.561  2.811!
H  2.846 -1.489  1.928!
H  4.228 -3.118  3.174!
C -0.153 -2.963 -3.776!
H  1.109 -1.507 -2.814!
C -1.128 -3.946 -3.599!
C -1.595 -4.238 -2.315!
H  0.207 -2.723 -4.772!
H -1.464 -3.781 -0.219!
H -1.529 -4.477 -4.457!
H -2.364 -4.991 -2.173!
Pd  2.123  0.327 -0.382!
C -3.862 -1.712 -0.713!
C -3.877  0.690  1.620!
C -5.218 -1.829 -2.723!
C -4.888 -2.292 -1.427!
H -4.744 -0.424 -4.272!
H -6.029 -2.295 -3.275!
H -3.623 -2.087  0.275!
H -5.448 -3.115 -0.991!
C -4.629  0.516  3.921!
C -4.793  0.999  2.601!
H -4.021  1.075  0.618!
H -5.649  1.623  2.360!
H -3.400 -0.649  5.237!
H -5.360  0.767  4.685!
C  3.677 -0.970 -1.146!
C  4.885 -0.989 -0.748!
C  6.002 -0.694 -0.015!
H  6.920 -0.427 -0.534!
H  6.174 -1.286  0.886!
C  3.511  2.062 -0.056!
C  4.411  1.640  0.955!
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C  5.733  1.248  0.719!
H  4.025  1.554  1.972!
H  6.214  1.659 -0.163!
H  6.393  1.127  1.574!
H  3.946  2.293 -1.029!
H  2.759  2.785  0.246!
H  3.186 -1.649 -1.835!!
                                 1                           2                           3!
                                 A                           A                           A!
 Frequencies --  -436.5745                11.2575                19.0880!
 Red. masses --     9.3449                 5.3658                 4.4302!!
 ZERO-POINT CORRECTION= 0.739431 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.797306!
 Thermal correction to Enthalpy=                  0.798361!
 Thermal correction to Gibbs Free Energy=         0.640059!
 Sum of electronic and zero-point Energies=          -2738.081880!
 Sum of electronic and thermal Energies=             -2738.024005!
 Sum of electronic and thermal Enthalpies=           -2738.022950!
 Sum of electronic and thermal Free Energies=        -2738.181252!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000001     0.000450     YES!
 RMS     FORCE            0.000000     0.000300     YES!
________________________________________!!
  !
TS4.B!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
P  0.972  1.743 -0.186!
C  3.191  0.857 -1.789!
C  0.990  4.267  1.033!
C  1.865  1.318 -1.742!
C  1.188  1.548 -2.951!
C  1.521  0.578  1.158!
C  1.458 -0.821  1.073!
C  1.633 -1.612  2.270!
C  1.886 -0.971  3.526!
C  2.068 -1.752  4.699!
C  1.960  0.443  3.564!
H  2.167  0.938  4.510!
C  1.777  1.183  2.426!
H  1.832  2.263  2.492!
C  1.756  3.367  0.271!
C  3.047  3.756 -0.124!
P -1.441 -0.915 -0.370!
C -1.797 -3.226  1.285!
C -2.627 -0.782 -2.898!
C -1.967 -1.839  1.138!
C -2.591 -1.117  2.167!
C  0.125 -1.778 -0.900!
C  1.333 -1.584 -0.223!
C  2.533 -2.214 -0.722!
C  2.478 -3.026 -1.901!
C  3.662 -3.637 -2.397!
C  1.232 -3.204 -2.550!
H  1.181 -3.831 -3.436!
C  0.100 -2.598 -2.066!
H -0.838 -2.756 -2.582!
C -2.668 -1.441 -1.655!
C -3.675 -2.393 -1.436!
C -3.550 -1.084 -3.900!
C -4.549 -2.034 -3.669!
C -4.610 -2.683 -2.435!
H -3.737 -2.912 -0.486!
H -5.275 -2.263 -4.444!
H -5.384 -3.421 -2.245!
H -1.864 -0.031 -3.084!
H -3.495 -0.571 -4.856!
C -3.041 -1.769  3.318!
H -2.722 -0.044  2.060!
C -2.249 -3.875  2.435!
C -2.872 -3.148  3.452!
H -1.312 -3.799  0.501!
H -2.111 -4.948  2.537!
H -3.219 -3.655  4.348!
H -3.521 -1.198  4.108!
C  3.560  5.001  0.243!
H  3.657  3.094 -0.728!
C  1.507  5.510  1.405!
C  2.794  5.881  1.012!
H  4.560  5.284 -0.073!
H  3.195  6.849  1.296!
H -0.021  3.998  1.320!
H  0.898  6.189  1.995!
C  1.821  1.332 -4.176!
H  0.159  1.897 -2.924!
C  3.140  0.874 -4.210!
C  3.822  0.634 -3.014!
H  1.284  1.517 -5.102!
H  3.731  0.662 -0.870!
 586
H  3.633  0.701 -5.162!
H  4.844  0.269 -3.033!
Pd -1.468  1.555 -0.243!
C  3.802 -2.056 -0.092!
C  1.568 -3.036  2.263!
C  4.869 -3.460 -1.761!
C  4.935 -2.658 -0.596!
H  3.593 -4.249 -3.293!
H  5.768 -3.931 -2.146!
H  3.879 -1.447  0.800!
H  5.887 -2.516 -0.094!
C  2.003 -3.126  4.650!
C  1.747 -3.769  3.416!
H  1.368 -3.552  1.333!
H  1.688 -4.853  3.377!
H  2.261 -1.239  5.638!
H  2.144 -3.716  5.551!
C -2.307  3.438  0.060!
C -2.586  3.837  1.282!
H -2.009  4.183 -0.678!
C -2.899  4.224  2.501!
H -3.901  4.570  2.762!
H -2.170  4.231  3.312!
C -3.631  2.218 -0.779!
C -4.671  1.836  0.209!
C -5.404  0.716  0.182!
H -4.852  2.559  1.003!
H -5.271 -0.044 -0.583!
H -6.163  0.523  0.935!
H -3.908  3.122 -1.327!
H -3.467  1.438 -1.533!!
                                 1                           2                           3!
                                 A                           A                           A!
 Frequencies --  -453.1299                10.2629                12.4821!
 Red. masses --     4.1966                 5.5501                 4.5644!!
 ZERO-POINT CORRECTION= 0.738570 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                    0.797094!
 Thermal correction to Enthalpy=                  0.798150!
 Thermal correction to Gibbs Free Energy=         0.636660!
 Sum of electronic and zero-point Energies=          -2738.070474!
 Sum of electronic and thermal Energies=             -2738.011949!
 Sum of electronic and thermal Enthalpies=           -2738.010894!
 Sum of electronic and thermal Free Energies=        -2738.172384!!
         ITEM               VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000004     0.000450     YES!
 RMS     FORCE            0.000001     0.000300     YES!
_________________________________!!!!!!!
Structures and Energies Figure 4.4!!!
  !!
4.162!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
C -1.495  0.802 -0.127!
C -2.014  1.812 -0.541!
C -0.872 -0.424  0.381!
O  0.347 -0.718 -0.368!
C  1.517 -0.069 -0.135!
C  1.587  0.938  0.988!
O  2.465 -0.354 -0.842!
H  0.825  1.714  0.875!
H  2.577  1.393  0.979!
H  1.430  0.449  1.955!
C -1.769 -1.650  0.228!
H -0.615 -0.295  1.437!
H -2.474  2.702 -0.910!
H -2.002 -1.823 -0.826!
H -2.701 -1.497  0.776!
H -1.260 -2.529  0.632!!
                                 1                      2                      3!
                                 A                      A                      A!
 Frequencies --    68.3435           82.6680         163.7823!
 Red. masses --  3.4125               6.4939           1.4562!!
 ZERO-POINT CORRECTION= 0.126910 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                            0.137866!
 Thermal correction to Enthalpy=                         0.138921!
 Thermal correction to Gibbs Free Energy=         0.087702!
 Sum of electronic and zero-point Energies=    -383.735811!
 Sum of electronic and thermal Energies=        -383.724854!
 Sum of electronic and thermal Enthalpies=      -383.723799!
 Sum of electronic and thermal Free Energies= -383.775018!!
         ITEM                VALUE     THRESHOLD  CONVERGED? 
MAXIMUM FORCE   0.000041        0.000450            YES!
RMS     FORCE        0.000008        0.000300            YES!
_________________________________!!
 587
  !
4.161!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.000 -2.186 -0.000!
P  1.930 -0.943 -0.041!
O  3.377  0.782  1.596!
O -1.118  3.159 -1.141!
O  3.482 -2.436 -1.696!
C  2.487 -0.269  1.549!
C  2.195 -0.668  2.826!
H  1.518 -1.467  3.094!
C  2.939  0.177  3.708!
H  2.952  0.150  4.788!
C  3.635  1.034  2.909!
H  4.325  1.840  3.107!
C  1.401  0.527 -1.063!
C  0.330  1.363 -0.677!
C -0.106  2.360 -1.585!
C  0.481  2.503 -2.847!
H  0.135  3.261 -3.538!
C  1.528  1.658 -3.210!
H  1.990  1.767 -4.187!
C  1.987  0.684 -2.331!
H  2.804  0.040 -2.634!
C -1.608  4.182 -2.000!
H -0.825  4.906 -2.254!
H -2.397  4.687 -1.442!
H -2.028  3.764 -2.923!
C  3.538 -1.412 -0.771!
C  4.758 -2.698 -2.091!
H  4.872 -3.482 -2.825!
C  5.636 -1.882 -1.444!
H  6.711 -1.874 -1.558!
C  4.848 -1.047 -0.591!
H  5.199 -0.271  0.072!
P -1.930 -0.943  0.041!
O -3.377  0.782 -1.596!
O  1.118  3.159  1.141!
O -3.482 -2.436  1.696!
C -2.487 -0.269 -1.549!
C -2.195 -0.668 -2.826!
H -1.518 -1.467 -3.094!
C -2.939  0.177 -3.708!
H -2.952  0.150 -4.788!
C -3.635  1.034 -2.909!
H -4.325  1.840 -3.107!
C -1.401  0.527  1.063!
C -0.330  1.363  0.677!
C  0.106  2.360  1.585!
C -0.481  2.503  2.847!
H -0.135  3.261  3.538!
C -1.528  1.658  3.210!
H -1.990  1.767  4.187!
C -1.987  0.684  2.331!
H -2.804  0.040  2.634!
C  1.608  4.182  2.000!
H  0.825  4.906  2.254!
H  2.397  4.687  1.442!
H  2.028  3.764  2.923!
C -3.538 -1.412  0.771!
C -4.758 -2.698  2.091!
H -4.872 -3.482  2.825!
C -5.636 -1.882  1.444!
H -6.711 -1.874  1.558!
C -4.848 -1.047  0.591!
H -5.199 -0.271 -0.072!
   !
                                  1                         2                           3!
                                  A                         A                           A!
 Frequencies --    -5.3361                22.6076                34.1663!
 Red. masses --     6.9580                 6.1620                 4.9712!!
 Zero-Point Correction=                   0.472240 (Hartree/Particle)!!
 Thermal correction to Energy=                           0.515390!
 Thermal correction to Enthalpy=                         0.516445!
 Thermal correction to Gibbs Free Energy=         0.389564!
 Sum of electronic and zero-point Energies=         -2417.878386!
 Sum of electronic and thermal Energies=             -2417.835236!
 Sum of electronic and thermal Enthalpies=          -2417.834180!
 Sum of electronic and thermal Free Energies=     -2417.961062!!
         Item                        Value     Threshold  Converged?!
 Maximum Force            0.000000     0.000002     YES!
 RMS     Force               0.000000     0.000001     YES!!
NOTE: We were unable to optimize the geometry to remove the 
small negative frequency listed (-5.3361) despite use of Ultrafine 
integration and Verytight convergence criteria. Its effect on the 
free energy of the complex should be negligible however the total 
energy of the unbound catalyst and substrate could be slightly 
lower than the 4.9 kcal/mol listed in the report.!
______________________________________________!!!!!!!!
 588
  !!
GS4.C!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.384  0.700 -0.275!
P  0.466 -1.492 -0.017!
O -0.840 -3.480 -1.448!
O -4.314 -0.147  1.529!
O  2.555 -2.368  1.507!
C -0.133 -2.299 -1.523!
C  0.035 -1.953 -2.837!
H  0.545 -1.070 -3.195!
C -0.600 -2.970 -3.618!
H -0.668 -3.024 -4.695!
C -1.112 -3.864 -2.726!
H -1.669 -4.783 -2.832!
C -0.955 -1.506  1.176!
C -2.172 -0.864  0.872!
C -3.157 -0.769  1.887!
C -2.929 -1.290  3.165!
H -3.684 -1.214  3.938!
C -1.715 -1.915  3.443!
H -1.537 -2.323  4.434!
C -0.734 -2.024  2.463!
H  0.204 -2.511  2.702!
C -5.336  0.011  2.507!
H -5.701 -0.957  2.870!
H -6.149  0.536  2.005!
H -4.988  0.609  3.357!
C  1.577 -2.786  0.630!
C  3.289 -3.464  1.849!
H  4.096 -3.291  2.545!
C  2.818 -4.572  1.212!
H  3.210 -5.576  1.291!
C  1.706 -4.135  0.425!
H  1.075 -4.741 -0.208!
P -0.713  1.845 -0.175!
O -2.597  2.760  1.646!
O -3.862 -2.264 -0.694!
O  0.003  3.657 -2.081!
C -1.329  2.249  1.479!
C -0.707  2.172  2.697!
H  0.293  1.801  2.870!
C -1.637  2.658  3.669!
H -1.489  2.740  4.736!
C -2.762  2.997  2.977!
H -3.718  3.405  3.267!
C -2.071  0.891 -1.007!
C -2.532 -0.335 -0.487!
C -3.449 -1.094 -1.256!
C -3.884 -0.648 -2.508!
H -4.582 -1.232 -3.094!
C -3.411  0.566 -3.003!
H -3.751  0.917 -3.974!
C -2.514  1.331 -2.266!
H -2.158  2.270 -2.672!
C -4.787 -3.075 -1.410!
H -5.730 -2.546 -1.593!
H -4.977 -3.941 -0.775!
H -4.369 -3.413 -2.366!
C -0.791  3.484 -0.968!
C -0.161  4.941 -2.502!
H  0.403  5.225 -3.377!
C -1.032  5.602 -1.688!
H -1.342  6.633 -1.780!
C -1.443  4.658 -0.695!
H -2.137  4.822  0.115!
C  3.484  0.784 -0.473!
C  3.041  1.976 -0.480!
C  4.599 -0.187 -0.524!
O  5.900  0.500 -0.502!
C  6.438  0.990  0.635!
C  5.739  0.734  1.951!
O  7.489  1.604  0.550!
H  4.692  1.044  1.913!
H  6.261  1.286  2.732!
H  5.766 -0.334  2.193!
H  3.218  3.036 -0.539!
C  4.608 -1.026 -1.800!
H  4.548 -0.853  0.342!
H  5.447 -1.727 -1.781!
H  4.700 -0.382 -2.678!
H  3.675 -1.589 -1.875!!
                               1                      2                      3!
                               A                      A                     A!
 Frequencies --    11.2295         17.6838          22.5356!
 Red. masses --   6.7711           7.2334            6.6926!!
 ZERO-POINT CORRECTION= 0.601030 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                     0.657588!
 Thermal correction to Enthalpy=                   0.658643!
 Thermal correction to Gibbs Free Energy=   0.499264!
 Sum of electronic and zero-point Energies=     -2801.644974!
 Sum of electronic and thermal Energies=         -2801.588416!
 Sum of electronic and thermal Enthalpies=       -2801.587361!
 Sum of electronic and thermal Free Energies= -2801.746740!!
         ITEM                   VALUE     THRESHOLD  CONVERGED?!
MAXIMUM FORCE    0.000034      0.000450              YES!
RMS     FORCE         0.000003       0.000300             YES!
______________________________________________!!
 589
  !
GS4.D!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -1.433  0.524 -0.377!
P -0.320 -1.589 -0.172!
O  0.673 -3.262  1.806!
O  4.606  0.066 -0.517!
O -1.766 -2.875 -2.098!
C -0.106 -2.160  1.533!
C -0.649 -1.688  2.699!
H -1.292 -0.825  2.787!
C -0.182 -2.540  3.748!
H -0.405 -2.466  4.803!
C  0.613 -3.472  3.150!
H  1.180 -4.312  3.521!
C  1.381 -1.575 -0.922!
C  2.419 -0.789 -0.382!
C  3.643 -0.704 -1.094!
C  3.820 -1.374 -2.308!
H  4.755 -1.304 -2.850!
C  2.777 -2.141 -2.825!
H  2.913 -2.664 -3.767!
C  1.568 -2.242 -2.144!
H  0.770 -2.840 -2.568!
C  5.859  0.201 -1.178!
H  6.361 -0.767 -1.292!
H  6.464  0.847 -0.540!
H  5.745  0.669 -2.163!
C -1.084 -3.070 -0.916!
C -2.277 -4.081 -2.476!
H -2.839 -4.085 -3.398!
C -1.952 -5.042 -1.568!
H -2.228 -6.086 -1.609!
C -1.176 -4.390 -0.558!
H -0.732 -4.840  0.317!
P  0.543  1.842 -0.152!
O  2.793  2.677 -1.546!
O  3.688 -1.825  1.765!
O -0.786  3.817  1.184!
C  1.550  2.089 -1.635!
C  1.266  1.826 -2.949!
H  0.362  1.361 -3.316!
C  2.389  2.272 -3.713!
H  2.516  2.221 -4.785!
C  3.281  2.776 -2.813!
H  4.260  3.222 -2.907!
C  1.678  1.145  1.138!
C  2.345 -0.080  0.939!
C  3.058 -0.646  2.024!
C  3.095 -0.013  3.271!
H  3.639 -0.451  4.099!
C  2.424  1.196  3.446!
H  2.455  1.690  4.412!
C  1.719  1.773  2.395!
H  1.200  2.711  2.552!
C  4.412 -2.458  2.815!
H  5.232 -1.826  3.177!
H  4.823 -3.371  2.384!
H  3.755 -2.717  3.654!
C  0.301  3.570  0.375!
C -0.814  5.156  1.430!
H -1.619  5.502  2.059!
C  0.220  5.779  0.797!
H  0.439  6.837  0.811!
C  0.946  4.752  0.115!
H  1.835  4.867 -0.486!
C -3.554  0.586 -0.544!
C -3.095  1.772 -0.537!
C -4.719 -0.326 -0.608!
O -5.979  0.414 -0.421!
C -6.409  0.812  0.795!
C -5.634  0.392  2.023!
O -7.429  1.479  0.849!
H -3.251  2.837 -0.553!
H -4.578  0.659  1.936!
H -5.698 -0.693  2.161!
H -6.069  0.885  2.892!
C -4.859 -1.016 -1.963!
H -4.653 -1.084  0.177!
H -5.724 -1.686 -1.955!
H -3.958 -1.593 -2.172!
H -4.992 -0.271 -2.753!!
                                 1                      2                      3!
                                 A                      A                      A!
 Frequencies --    11.0995           17.5785           24.2125!
 Red. masses --     6.9213            5.1950            6.5240!!
 ZERO-POINT CORRECTION= 0.601564 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                     0.657801!
 Thermal correction to Enthalpy=                  0.658856!
 Thermal correction to Gibbs Free Energy   0.501656!
 Sum of electronic and zero-point Energies=    -2801.643521!
 Sum of electronic and thermal Energies=        -2801.587284!
 Sum of electronic and thermal Enthalpies=      -2801.586229!
 Sum of electronic and thermal Free Energies= -2801.743429!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE      0.000011        0.000450            YES!
 RMS     FORCE           0.000002         0.000300           YES!
_________________________________!!
 590
  !
TS4.C!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.361  0.501 -0.269!
P  0.242 -1.604  0.020!
O -1.177 -3.509 -1.394!
O -4.363  0.290  1.479!
O  2.270 -2.523  1.585!
C -0.386 -2.386 -1.482!
C -0.176 -2.077 -2.800!
H  0.402 -1.242 -3.169!
C -0.874 -3.060 -3.569!
H -0.933 -3.130 -4.645!
C -1.461 -3.897 -2.667!
H -2.081 -4.776 -2.764!
C -1.184 -1.456  1.191!
C -2.313 -0.680  0.861!
C -3.296 -0.464  1.859!
C -3.151 -1.004  3.141!
H -3.903 -0.835  3.901!
C -2.024 -1.767  3.441!
H -1.913 -2.189  4.436!
C -1.044 -1.992  2.480!
H -0.173 -2.585  2.734!
C -5.392  0.546  2.429!
H -5.860 -0.382  2.776!
H -6.135  1.151  1.907!
H -5.011  1.106  3.291!
C  1.276 -2.925  0.719!
C  2.952 -3.640  1.962!
H  3.767 -3.482  2.652!
C  2.430 -4.745  1.359!
H  2.777 -5.762  1.471!
C  1.342 -4.284  0.555!
H  0.686 -4.879 -0.063!
P -0.556  1.842 -0.188!
O -2.317  2.892  1.656!
O -4.116 -1.901 -0.725!
O  0.424  3.566 -2.057!
C -1.101  2.272  1.477!
C -0.476  2.130  2.687!
H  0.488  1.670  2.849!
C -1.351  2.691  3.669!
H -1.187  2.751  4.735!
C -2.447  3.134  2.989!
H -3.360  3.623  3.291!
C -1.980  1.025 -1.037!
C -2.585 -0.132 -0.509!
C -3.565 -0.795 -1.291!
C -3.918 -0.319 -2.558!
H -4.665 -0.830 -3.152!
C -3.301  0.826 -3.059!
H -3.578  1.197 -4.041!
C -2.338  1.496 -2.312!
H -1.867  2.382 -2.720!
C -5.093 -2.632 -1.460!
H -5.975 -2.019 -1.680!
H -5.384 -3.466 -0.820!
H -4.679 -3.022 -2.397!
C -0.417  3.473 -0.970!
C  0.405  4.862 -2.470!
H  1.023  5.092 -3.325!
C -0.418  5.606 -1.678!
H -0.618  6.663 -1.771!
C -0.954  4.705 -0.705!
H -1.651  4.935  0.087!
C  3.576  0.816 -0.501!
C  2.893  1.886 -0.452!
C  4.208 -0.398 -0.542!
O  6.355  0.039 -0.489!
C  6.959  0.616  0.490!
C  6.172  0.816  1.791!
O  8.149  1.001  0.438!
H  2.964  2.960 -0.475!
H  5.917 -0.158  2.225!
H  5.233  1.345  1.599!
H  6.763  1.378  2.516!
C  4.338 -1.207 -1.802!
H  4.346 -0.921  0.398!
H  4.253 -0.578 -2.690!
H  3.550 -1.968 -1.832!
H  5.303 -1.716 -1.808!!
                                 1                      2                      3!
                                 A                      A                      A!
 Frequencies --  -196.5413         11.2047           17.9448!
 Red. masses --     6.7132           6.6021            7.8575!!
 ZERO-POINT CORRECTION= 0.597855 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                     0.655029!
 Thermal correction to Enthalpy=                  0.656084!
 Thermal correction to Gibbs Free Energy=  0.494517!
 Sum of electronic and zero-point Energies=    -2801.618847!
 Sum of electronic and thermal Energies=        -2801.561673!
 Sum of electronic and thermal Enthalpies=      -2801.560618!
 Sum of electronic and thermal Free Energies= -2801.722185!!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000006       0.000450             YES!
 RMS     FORCE                  0.000001       0.000300             YES!
______________________________________________!!!
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  !
TS4.D!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -1.404  0.318 -0.319!
P -0.067 -1.688 -0.120!
O  1.110 -3.201  1.875!
O  4.607  0.532 -0.597!
O -1.435 -3.097 -2.015!
C  0.215 -2.195  1.589!
C -0.371 -1.761  2.749!
H -1.106 -0.973  2.827!
C  0.191 -2.538  3.809!
H -0.034 -2.469  4.864!
C  1.080 -3.390  3.223!
H  1.736 -4.157  3.605!
C  1.598 -1.489 -0.910!
C  2.543 -0.576 -0.403!
C  3.733 -0.357 -1.141!
C  3.964 -1.025 -2.348!
H  4.874 -0.856 -2.910!
C  3.012 -1.920 -2.830!
H  3.192 -2.442 -3.765!
C  1.836 -2.153 -2.124!
H  1.107 -2.850 -2.519!
C  5.829  0.796 -1.279!
H  6.437 -0.110 -1.380!
H  6.362  1.522 -0.663!
H  5.649  1.226 -2.271!
C -0.715 -3.225 -0.846!
C -1.836 -4.349 -2.379!
H -2.415 -4.410 -3.288!
C -1.402 -5.271 -1.476!
H -1.578 -6.336 -1.509!
C -0.672 -4.544 -0.483!
H -0.171 -4.946  0.385!
P  0.374  1.828 -0.134!
O  2.434  2.852 -1.655!
O  3.969 -1.433  1.718!
O -1.106  3.660  1.250!
C  1.265  2.124 -1.673!
C  0.953  1.791 -2.965!
H  0.094  1.216 -3.278!
C  1.983  2.339 -3.790!
H  2.067  2.271 -4.865!
C  2.850  2.968 -2.946!
H  3.765  3.519 -3.097!
C  1.594  1.258  1.131!
C  2.409  0.129  0.914!
C  3.204 -0.342  1.989!
C  3.181  0.293  3.235!
H  3.790 -0.070  4.053!
C  2.363  1.406  3.423!
H  2.346  1.900  4.390!
C  1.571  1.887  2.387!
H  0.936  2.748  2.557!
C  4.789 -1.970  2.752!
H  5.530 -1.240  3.098!
H  5.303 -2.823  2.310!
H  4.187 -2.309  3.603!
C -0.057  3.519  0.369!
C -1.270  4.994  1.471!
H -2.065  5.262  2.150!
C -0.362  5.712  0.753!
H -0.266  6.788  0.731!
C  0.428  4.758  0.040!
H  1.253  4.959 -0.626!
C -3.669  0.559 -0.503!
C -2.987  1.630 -0.458!
C -4.347 -0.627 -0.542!
O -6.510 -0.123 -0.419!
C -7.079  0.452  0.580!
C -6.245  0.648  1.852!
O -8.271  0.836  0.574!
H -3.075  2.703 -0.432!
H -5.298  1.144  1.624!
H -6.007 -0.328  2.292!
H -6.796  1.238  2.587!
C -4.562 -1.397 -1.812!
H -4.485 -1.156  0.394!
H -5.480 -1.982 -1.736!
H -3.722 -2.080 -1.967!
H -4.629 -0.727 -2.672!!
                                  1                      2                      3!
                                  A                      A                      A!
 Frequencies --  -165.6350           11.7929           19.9046!
 Red. masses --     7.3473             6.8965            6.0386!!
 ZERO-POINT CORRECTION= 0.598051 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                           0.655139!
 Thermal correction to Enthalpy=                         0.656194!
 Thermal correction to Gibbs Free Energy=         0.495641!
 Sum of electronic and zero-point Energies=    -2801.617730!
 Sum of electronic and thermal Energies=        -2801.560641!
 Sum of electronic and thermal Enthalpies=      -2801.559586!
 Sum of electronic and thermal Free Energies= -2801.720140!!
         ITEM                     VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE         0.000002       0.000450            YES!
 RMS     FORCE               0.000000       0.000300           YES!
______________________________________________!!!
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  !!
GS4.E!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  0.694 -1.939 -0.144!
P  1.742  0.176 -0.145!
O  2.554  2.112  1.628!
O -2.436  3.150 -0.902!
O  3.556 -0.637 -2.012!
C  2.080  0.828  1.499!
C  1.986  0.245  2.735!
H  1.638 -0.758  2.939!
C  2.424  1.222  3.681!
H  2.483  1.114  4.754!
C  2.754  2.329  2.956!
H  3.131  3.305  3.221!
C  0.762  1.431 -1.076!
C -0.479  1.890 -0.594!
C -1.250  2.743 -1.422!
C -0.789  3.120 -2.688!
H -1.379  3.773 -3.319!
C  0.442  2.651 -3.141!
H  0.800  2.948 -4.122!
C  1.217  1.809 -2.349!
H  2.168  1.452 -2.723!
C -3.256  4.029 -1.668!
H -2.740  4.972 -1.884!
H -4.132  4.230 -1.051!
H -3.573  3.563 -2.608!
C  3.381  0.184 -0.920!
C  4.846 -0.483 -2.425!
H  5.135 -1.067 -3.285!
C  5.501  0.404 -1.626!
H  6.533  0.712 -1.717!
C  4.552  0.840 -0.649!
H  4.712  1.554  0.145!
P -1.499 -1.109  0.022!
O -3.435 -0.016 -1.585!
O -0.412  3.787  1.326!
O -2.232 -3.171  1.649!
C -2.222 -0.663 -1.563!
C -1.799 -0.897 -2.845!
H -0.878 -1.383 -3.129!
C -2.804 -0.363 -3.708!
H -2.807 -0.363 -4.789!
C -3.766  0.157 -2.894!
H -4.705  0.658 -3.078!
C -1.586  0.354  1.139!
C -1.009  1.585  0.775!
C -0.981  2.626  1.736!
C -1.513  2.433  3.017!
H -1.491  3.230  3.749!
C -2.076  1.203  3.351!
H -2.491  1.057  4.344!
C -2.114  0.164  2.426!
H -2.552 -0.785  2.708!
C -0.349  4.881  2.238!
H -1.350  5.204  2.547!
H  0.140  5.691  1.696!
H  0.243  4.628  3.125!
C -2.692 -2.296  0.691!
C -3.280 -3.970  1.996!
H -3.072 -4.716  2.748!
C -4.393 -3.634  1.286!
H -5.364 -4.103  1.353!
C -4.015 -2.546  0.440!
H -4.640 -2.012 -0.260!
C  1.471 -3.998 -0.305!
C  0.212 -4.067 -0.335!
C  2.644 -3.279 -0.196!
H -0.684 -4.652 -0.408!
C  3.480 -3.268  1.061!
H  3.158 -3.032 -1.123!
H  4.018 -2.320  1.150!
H  4.233 -4.066  1.012!
H  2.872 -3.423  1.954!!
                                   1                      2                      3!
                                   A                      A                      A!
 Frequencies --    17.8034            32.8908           37.5770!
 Red. masses --    6.3208             4.7296             4.8137!!
 ZERO-POINT CORRECTION= 0.548680 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                           0.599446!
 Thermal correction to Enthalpy=                         0.600501!
 Thermal correction to Gibbs Free Energy=         0.456784!
 Sum of electronic and zero-point Energies=      -2573.045691!
 Sum of electronic and thermal Energies=          -2572.994926!
 Sum of electronic and thermal Enthalpies=       -2572.993871!
 Sum of electronic and thermal Free Energies= -2573.137588!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000006       0.000450               YES!
 RMS     FORCE                 0.000001        0.000300               YES!
______________________________________________!!
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  !!
GS4.F!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd -0.665 -1.943 -0.177!
P -1.719  0.172  0.091!
O -2.756  2.170 -1.486!
O  2.421  3.183  0.892!
O -3.295 -0.734  2.110!
C -2.190  0.916 -1.479!
C -2.088  0.450 -2.764!
H -1.671 -0.501 -3.062!
C -2.621  1.469 -3.612!
H -2.702  1.450 -4.688!
C -3.007  2.483 -2.785!
H -3.460  3.448 -2.956!
C -0.766  1.439  1.037!
C  0.481  1.897  0.573!
C  1.225  2.781  1.394!
C  0.728  3.194  2.636!
H  1.296  3.871  3.261!
C -0.512  2.731  3.069!
H -0.899  3.056  4.029!
C -1.258  1.857  2.284!
H -2.216  1.507  2.645!
C  3.216  4.088  1.655!
H  2.692  5.035  1.826!
H  4.110  4.271  1.058!
H  3.506  3.651  2.618!
C -3.296  0.043  0.974!
C -4.563 -0.714  2.609!
H -4.722 -1.281  3.513!
C -5.375  0.045  1.821!
H -6.427  0.234  1.974!
C -4.553  0.541  0.759!
H -4.851  1.190 -0.051!
P  1.523 -1.127  0.027!
O  3.195  0.028  1.872!
O  0.431  3.741 -1.395!
O  2.633 -3.074 -1.545!
C  2.022 -0.666  1.691!
C  1.456 -0.942  2.908!
H  0.528 -1.472  3.070!
C  2.325 -0.387  3.896!
H  2.195 -0.409  4.968!
C  3.356  0.188  3.215!
H  4.242  0.724  3.520!
C  1.651  0.333 -1.092!
C  1.049  1.564 -0.773!
C  1.033  2.581 -1.760!
C  1.608  2.369 -3.018!
H  1.596  3.149 -3.769!
C  2.202  1.142 -3.306!
H  2.652  0.981 -4.281!
C  2.224  0.124 -2.358!
H  2.680 -0.826 -2.608!
C  0.373  4.811 -2.336!
H  1.375  5.144 -2.627!
H -0.145  5.625 -1.827!
H -0.193  4.525 -3.230!
C  2.861 -2.241 -0.474!
C  3.766 -3.812 -1.726!
H  3.740 -4.517 -2.542!
C  4.707 -3.478 -0.799!
H  5.695 -3.904 -0.703!
C  4.123 -2.457  0.014!
H  4.580 -1.943  0.846!
C -1.434 -3.949 -0.723!
C -0.190 -4.028 -0.522!
C -2.625 -3.267 -0.789!
H  0.703 -4.622 -0.537!
H -2.925 -2.905 -1.772!
C -3.727 -3.420  0.228!
H -4.334 -2.514  0.271!
H -3.336 -3.643  1.223!
H -4.388 -4.241 -0.077!!
                                  1                      2                      3!
                                  A                      A                      A!
 Frequencies --    14.3167           32.5559            36.6284!
 Red. masses --     6.3825            5.4051             4.0664!!
 ZERO-POINT CORRECTION= 0.548820 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                            0.599547!
 Thermal correction to Enthalpy=                         0.600602!
 Thermal correction to Gibbs Free Energy=         0.457063!
 Sum of electronic and zero-point Energies=       -2573.043058!
 Sum of electronic and thermal Energies=           -2572.992331!
 Sum of electronic and thermal Enthalpies=        -2572.991276!
 Sum of electronic and thermal Free Energies=  -2573.134815!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000020       0.000450             YES!
 RMS     FORCE                 0.000003        0.000300             YES!
________________________________________!!!!!!
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  !!
-OAc!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
O -0.803 -1.108  0.002!
C -0.191 -0.000 -0.008!
O -0.721  1.150  0.002!
C  1.353 -0.039 -0.003!
H  1.741 -1.032 -0.243!
H  1.715  0.241  0.994!
H  1.757  0.692 -0.710!!
                                  1                          2                            3!
                                  A                          A                            A!
 Frequencies --    50.4181               447.5707              611.1940!
 Red. masses --     1.0873                 3.0453                 2.7933!!
 Zero-Point Correction=                   0.048453 (Hartree/Particle)!!
 Thermal correction to Energy=                            0.053585!
 Thermal correction to Enthalpy=                         0.054640!
 Thermal correction to Gibbs Free Energy=         0.017244!
 Sum of electronic and zero-point Energies=         -228.578257!
 Sum of electronic and thermal Energies=             -228.573125!
 Sum of electronic and thermal Enthalpies=            -228.572070!
 Sum of electronic and thermal Free Energies=     -228.609466!!
         Item                         Value       Threshold     Converged?!
 Maximum Force            0.000001     0.000015        YES!
 RMS     Force               0.000000     0.000010        YES!
________________________________________!!
  !!
GS4.G!!
-----------------------------------------!
 Cartesian coordinates (Angstroms):!
-----------------------------------------!
Pd  1.730  0.051 -0.244!
P  0.103 -1.701  0.324!
O -1.713 -3.421 -0.853!
O -4.031  1.296  1.182!
O  1.693 -2.684  2.313!
C -0.628 -2.598 -1.057!
C -0.248 -2.647 -2.373!
H  0.594 -2.118 -2.797!
C -1.151 -3.548 -3.020!
H -1.157 -3.833 -4.062!
C -2.013 -3.982 -2.056!
H -2.855 -4.658 -2.062!
C -1.287 -1.086  1.378!
C -2.212 -0.158  0.863!
C -3.168  0.407  1.742!
C -3.193  0.052  3.095!
H -3.924  0.484  3.767!
C -2.267 -0.869  3.581!
H -2.290 -1.146  4.631!
C -1.317 -1.435  2.737!
H -0.602 -2.142  3.138!
C -5.021  1.901  2.008!
H -5.695  1.154  2.441!
H -5.589  2.564  1.354!
H -4.565  2.490  2.813!
C  0.855 -3.044  1.284!
C  2.206 -3.833  2.836!
H  2.884 -3.709  3.666!
C  1.724 -4.918  2.168!
H  1.961 -5.954  2.366!
C  0.845 -4.408  1.159!
H  0.276 -4.978  0.440!
P  0.137  1.707 -0.422!
O -1.403  3.311  1.203!
O -4.199 -1.169 -0.648!
O  1.296  2.960 -2.560!
C -0.330  2.450  1.151!
C  0.257  2.371  2.386!
H  1.126  1.778  2.633!
C -0.495  3.224  3.250!
H -0.323  3.408  4.301!
C -1.484  3.764  2.483!
H -2.288  4.456  2.686!
C -1.393  1.067 -1.243!
C -2.291  0.201 -0.590!
C -3.365 -0.346 -1.336!
C -3.527 -0.042 -2.692!
H -4.348 -0.462 -3.259!
C -2.620  0.811 -3.317!
H -2.744  1.046 -4.370!
C -1.559  1.363 -2.607!
H -0.862  2.014 -3.118!
C -5.301 -1.756 -1.333!
H -5.986 -0.993 -1.721!
H -5.821 -2.365 -0.593!
H -4.966 -2.396 -2.158!
C  0.594  3.169 -1.397!
C  1.546  4.183 -3.104!
H  2.096  4.180 -4.033!
C  1.028  5.169 -2.320!
H  1.081  6.233 -2.503!
C  0.407  4.513 -1.211!
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H -0.117  4.975 -0.387!
C  3.194  1.467 -0.487!
C  3.762  2.016  0.541!
H  3.497  1.636 -1.518!
C  4.317  2.554  1.613!
H  3.944  3.517  1.968!
C  5.458  1.948  2.394!
O  3.299 -1.402 -0.256!
C  3.577 -1.918 -1.406!
C  4.730 -2.922 -1.403!
O  2.988 -1.664 -2.476!
H  5.515 -2.570 -2.080!
H  4.374 -3.883 -1.786!
H  5.150 -3.062 -0.406!
H  5.763  0.987  1.971!
H  5.175  1.787  3.443!
H  6.330  2.614  2.402!!
                                 1                      2                      3!
                                 A                      A                      A!
 Frequencies --    11.9377          18.3866           20.7172!
 Red. masses --     5.5022           4.9158            4.2895!!
 ZERO-POINT CORRECTION= 0.599041 (HARTREE/PARTICLE)!!
 Thermal correction to Energy=                           0.656549!
 Thermal correction to Enthalpy=                         0.657604!
 Thermal correction to Gibbs Free Energy=         0.496349!
 Sum of electronic and zero-point Energies=       -2801.655635!
 Sum of electronic and thermal Energies=           -2801.598127!
 Sum of electronic and thermal Enthalpies=        -2801.597072!
 Sum of electronic and thermal Free Energies=  -2801.758327!!
         ITEM                      VALUE     THRESHOLD  CONVERGED?!
 MAXIMUM FORCE            0.000006        0.000450             YES!
 RMS     FORCE                  0.000001        0.000300             YES!
______________________________________________!!
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